”

AD-A217 510

& : »
e 4
DTG riLE COPY
January 25, 1990
Final Technical Report for Grant No. N00Q14-86-K-0558

Research Project Sponsored by SDIO/IST and Managed by ONR

Research period from September 1, 1986 to December 31, 1989

Electron-Impact Ionization and Electron Attachment Cross Sections of
Radicals Important in Transient Gaseous Discharges

Submitted by:

Long C. Lee

Department of Electrical and Computer Engineering
San Diego State University
San Diego. CA 92182

Santosh K. Srivastava
Jet Propulsion Laboratory
California Institute of Technology

Pasadena. CA 91109 ELECTE
FEBO 11330 "

Prepared for:

Office of Naval Research ' Qp D
800 North Quincy Street -
Arlington, VA 22217-5000

Attention: Dr. Gabriel D. Roy
Code 1132P

Approved for public release(

DISTRIEUTION STATEMENT 51
l Distripution Unlimited |

90 02 01 113

(012590) 1




Abstract

Electron-impact ionization and electron attachment cross sections of
radicals and excited molecules were measured using an apparatus that con-
sists of an electron beam. a molecular beam and a laser beam. The informa-
tion obtained is needed for the pulse power applications in the areas of
high-power gaseous discharge switches., high-energv lasers, particle beam
experiments. and electromagnetic pulse svstems. The basic data needed for
the development of opticallv-controlled discharge switches were also invest-
igated in this program. Transient current pulses induced bv laser irradia-
tion of discharge media were observed and applied for the studv of electron-

molecule reaction kinetics in gaseous discharges.
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I. Introduction

Caseous discharges are frequentlv used in high-power discharge switch-
es. high-energv laser svstems. particle beam experiments. electromagnetic
pulse svstems. plasma etching and deposition processing of electronic
materials. ion sources. and discharge lamps. Basic electron kinetics data.
such as electron-impact ionization and electron attachment cross sections of
molecules and radicals. are generally needed for pulse power applications.
especially for the development of opticallv- and/or electron beam-controlled
opening switches. The basic kinetics data are also needed for the modeling
of chemical process in non-discharge plasma. for example, combustion media
in which electrons exist. While stable molecules are extensivelv studied.
the electron kinetics data for radicals and excited molecules are little
known. This lack of basic information hinders the progress of science and
applications using gas discharges. The fundamental electron kinetics data
of molecules, radicals, excited molecules. and ions are being measured in
the current research program under Grant No. NOOO14-86-K-0538.

Transient current pulses induced bv laser irradiation of discharge
media have been observed in our laboratorv for various gas mixtures that
contain trace electronegative gases in buffer gas. These transient phe-
nomena could be used to obtain electron-molecule reaction kinetics data and
eventually electron transport parameters involving in gaseous discharges.
The data obtained are aimed for the development of opticallv-controlled

high-power discharge switches.
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II. Research Accomplished

The research results obtained in the current funding period are summar-
ized below:

A. Electron-Impact Ionization of Radicals

An apparatus that consists of an excimer laser. an electron beam. a
molecular beam. and a mass spectrometer has been constructed to measure the
electron-impact ionization of radicals. The schematic diagram of the
apparatus is shown in Fig. 1 in the paper attached as Appendix A. The
radicals were produced bv laser dissociation of stable molecules that were
injected into a vacuum chamber through a nozzle. The radicals were than
ionized bv energv-resolved electron beams. The ions produced bv electron-
impact ionization of radicals are analvzed and detected bv a mass spectro-
meter.

Since radicals and excited molecules are chemically active, thev exist
onlv in verv short lifetimes. It is difficult to produce sufficient high
concentrations of these reactive species for experiments. This difficultv
makes the measurements of electron-impact excitation cross sections a
challenging task. The measurements are possible by the recent advance of
high-power ultraviolet excimer lasers that can produce sufficient high
concentrations of radicals bv photodissociation of molecules. As an ex-
ample. the electron-impact ionization cross section of the CH, -iaical has

3

been measured in this program. The CH3 radicals were produced by excitation

of CH30H with ArF excimer laser photons (193 nm). Similar experimental

results were obtained using other CH, radical sources. for example. photo-

3

dissociation of CH3C1. (CH3)2O. and (CH3)2CO. The photoabsorption cross

sections of the molecules that can be used for the CH3 radical sources are

reported in a paper attached as attached as Appendix B. The cross section
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3 by electron-impact ionization of CH3OH was

measured at.the Jet Propulsion Laboratory, and was used to calibrate the

for the production of CH

+ . . .
detection efficiency that converted the measured CH, 1ion signal into

3

absolute ionization cross section of CH3. The results have been reported in
more detail in the paper attached as Appendix A.
B. Electron-Impact Ionization of Excited Molecules

Molecules in a discharge medium could be excited bv electron-impact to
produce excited molecules. radicals. as well as positive and/or negative
ions. Excited molecules are abundant in gaseous discharges. and plav
important roles in determining discharge characteristics. Electron excita-
tion cross sections of excited molecules are thus important for theoretical
modeling of discharge processes.

Similar to radicals. the data for excited molecules are little known.
Excited species are chemical active. and their lifetimes are short: thus. it
is difficult to measure their electron-impact excitation cross sections.

The flux of excimer lasers .s now so intense that thev can be used to
produce sufficient concentrations of excited molecules for cross section
measurements. As an example. the electron-impact dissociative ionization
process of excited N *

2

apparatus constructed for the studv of radicals. The N2 molecules were

was investigated in this research program using the

excited into the A32u+ metastable state by ArF laser photons, and then
dissociatively ionized by electron beam. The dissociation products were
analvzed and detected bv a mass spectrometer. The experimental results are
described in more detail in a paper attached as Appendix C.
C. Electron Attachment to Molecules in Discharges

Current switching by laser irradiation of DC discharge media has been

observed in our laboratory. Discharge current increases immediatelv after
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the laser pulse., and then decreases below the DC level before recovery. The
current increase is due to photoelectrons produced bv laser photodetachment
of negative ions. The current could increase by a factor of about 103,
which is equal to the ratio of electron drift velocitv to negative ion drift
velocitv. The current decrease is likely due to electron attachment to
radicals and/or excited molecules produced bv laser irradiation of molecules
in discharges. Since current switching is useful for the development of
optically-controlled discharge switches. further studies of the electron-
molecule reaction kinetics in discharges are of interest.

The current increase. AI. is proportional to the negative ion density.
n,. photodetachment cross section. %4 laser power. Iy. and electron drift
velocitv. vy namelyv,

Al

I
@]
o}
Q
—
“

(1)

where C is a constant that includes the geometrv factor and detection
efficiency.

The negative ion demsitv is an important factor in determining the
magnitude of current switching. However. the densities of negative ions in
discharge media that contain halogen compounds are not well studied. In the
present experiment, negative ions are produced bv electron attachment to
electronegative gases mixed in a buffer gas. The production rate of a
negative ion is determined by the electron attachment rate constant and the
production yield for the ion. The electron attachment rate constants have
been measured in our laboratorv for manv electronegative molecules, even

though additional molecular data are still needed. As an example. the

electron attachment rate constant of BCl3 was measured in this research

program. and the results are described in a paper attached as Appendix D.

(012590) 7




An apparatus has been constructed to studv the production mechanisms
and to measure the concentrations of negative ions in discharge media as
shown in Fig. 1 of Appendix D. The apparatus that consists of a mass
spectrometer. an excimer laser. and a differential pump station was funded
bv the DOD Instrumentation Program. The negative ions produced by hollow-
cathode discharges of trace electronegative molecules in a buffer are
extracted to the mass spectrometer through a skimmer hole. This apparatus
has been tested bv analvzing the negative ions produced in the discharge

medium of BCl3 in N The results are described in more detail in the paper

5
attached as Appendix D. which has been accepted for publication in the
Journal of Applied Phvsics.
D. Laser Detachment of Negative Ions in Discharges

Techniques for measuring the negative ion concentrations and other
electron transport parameters {electron and ion drift velocities, electric
fields. electron energy distributions. etc.) are being pursued. This
information is needed for the theoretical modeling of discharge processes
and for practical applications in the design of discharge switches: however.
techniques for measuring these parameters are not well developed. and they

are being investigated in this program. The results are described in detail

in a paper attached as Appendix E.
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I11. Index of Publications and Presentations

The research results obtained in this program have been published in

scientific journals and presented in scientific conferences as below:

1.

"Fluorescence Yields from Photodissociative Excitation of Chloro-
methanes by Vacuum Ultraviolet." L. C. Lee and 4. Suto., Chem. Phvs.
114, 423 (1987).

"Laser-Induced Current Switching in Gaseous Discharges,” L. C. Lee. 4.
C. Wang. and D. P. wang. presented at the meeting of "Space Structures.
Power. and Power Conditioning." Proceedings of SPIE. Vol. 871, 121
(1988).

"Electron Kinetics and Optical Diagnostics for Plasma-Assisted Material
Processing,” L. C. Lee. presented it the workshop on New Direcrions in
Plasma Engineering. Universitv of California. Berkelev. California.
June 9-10. 1988.

"Electron Kinetics and Spectroscopic Data of Molecules Important in
Plasma Processing of Electronic Materials,” L. C. Lee. presented at the
Gordon Research Conference on Plasma Chemistrv. Tilton. New Hampshire.
August 15-19. 1988.

"Electron-Impact Ionization and Attachment Cross Sections of Radicals
and Molecules for Applications of Gaseous Discharge Switches." L. C.
Lee. presented at the Pulse Power workshop. Universityv of Rochester.
New York. August 15-16. 1988.

"Dissociative Ionization of Laser Excited Molecules and radicals by
Electron Impact,” D. P. wang. L. C. Lee. and S. K. Srivastava. present-
ed at the 4lst Annual Gaseous Electronics conference., Minneapolis.
Minnesota. October 18-21. 1988.

"Electron-Impact Ionization Cross Section of CH3 Radical ," L. C. Lee.
D. P. Wang. and S. K. Srivastava., presented at the 1988 Fall Meeting of
The Texas Section, American Phvsical Society. Lubbock. Texas. November
4-5, 1988.

"Electron-Impact Ionization of CH3 in 10-22 eV," D. P. Wang. L. C. Lee.
and S. K. Srivastava, Chem. Phvs. Lett. 152. 513 (1988).

"Dissociative Ionization of Laser Excited NZ* by Electron Impact,” D.
P. Wwang, L. C. Lee. and S. K. Srivastava., Int. J. Mass Spectron. Ion

Proc. 88. 267 (1989).
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10.

11.

12.

13.

14.
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"Negative Ion Pulses Induced by Laser Irradiation of DC Discharge
Media,” L. C. Lee, J. C. Han. and M. Suto., Abstract in the Sixth
International Swarm Seminar. webb Institute., New York. August 3-3.
1989.

"Negative Ion Kinetics in BC13 Discharges," Z. Lj. Petrovic. w. C.
Wang. L. C. Lee. J. C. Han. and M. Suto. presented at the Sixth Inter-
national Swarm Seminar. Webb Institute. New York. August 3-5. 1989,

"Low Energy Electron Attachment to BCl,,” Z. Lj. Petrovic. w. C. ¥ang.

1. Suto. J. C. Han. and L. €. Lee. J. ippl. Phvs. in press (1990).
"Fluorescence from VUV Photoexcitation of Molecules," Invited Talk.
presented at the 1983 International Chemical Congress of Pacific Basin
Societies. Honolulu. Hawaii, December 17-22. 1989,

"Cross Sections for the Production of Positive Ions by Electron-Impact
on Methyl Alcohol." E. Krishnakumar and S. K. Srivastava. to be sub-
mitted to Phvs. Rev. A (1990).

"Transient Signals Induced by Laser Irradiation of Negative Ions in
Hollow Electrode Discharges of 012 and HCl in NZ’” J. C. Han, M. Suto.
L. C. Lee, and Z. Lj. Petrovic. to be submitted to J. Appl. Phvs.
(1990).




IV. Index of Techmical Reports

1. "Publications/Patents/Presentations/Honors" Report. submitted on
October 22, 1986.
2. Annual Report for the Research Period from September 1. 1986 to Decemb-

er 31, 1987, submitted on Februarv 5. 1988.

3. One Page Report submitted on August 22. 1988.

4. Annual Report for the Research Period from Januarv 1. 1988 to September
30. 1988. submitted on October 12. 1988.

3. One Page Report submitted on Julv 1. 1989.

6. "End-of-the-Fiscal-Year" Letter Report., submitted on September 25.
1989.
7. "Publications/Patents/Presentations/Honors" Report. submitted on

October 26. 1989.
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V. Appendices
Electron-impact ionization of CH3 in 10-22 eV,
Fluorescence vields from photodissociative excitation of chloromethanes
bv vacuum ultraviolet.
Dissociative ionization of laser excited NZ bv electron impact.
Low energv electron attachment to BC13.
Transient signals induced by laser irradiation of negative ions in

hollow electrode discharges of Cl2 and HCl in NZ.
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ELECTRON-IMPACT IONIZATION OF CH, IN 10-22 eV

D.P. WANG. L.C. LEE"

Departomrent ot Electrical and Computer Engineering. San Diego State Unoversity, San Diego. CHA 92182 LS4

and

S.K. SRIVASTAVA

Jet Proputston Laboratory. Calitornia Instituce of Technology. Pasadena. CA 91109 US4

Received § August 1938 in final form 16 September 1988

Methy radicais (CHy ) were produced by photodissociation of THA\CH with AT excimer laser photons at 193 nm. Eleciron-
‘mpact 1onization cross sections of CH. were measured at electron energies from 1onizauon threshold (984 eVito id eV The
¢lectron-impact 1onization cross sections for dissociation of CH.OH into various fragment 1ons at 100 eV are also reported i1n this

paper

1. Introduction

Radicals are abundant in discharge media that are
mainly produced by electron-impact dissociation of
stable molecules. Electron-impact ionization cross
sections of radicals are the most fundamental data
needed for understanding the radical chemistry in
gaseous discharges. However, the data for radicals
are sparse because of experimental difficulty. This
paper reports the measurement of CH;. The data are
needed for modeling gaseous discharge media con-

2. Experimental
2.1. ipparatus

The experimental apparatus is shown 1n fig. 1. The
apparatus consists of an electron beam, a molecular
beam nozzle, an excimer laser (Lumonics-510). a
mass spectrometer ( Extrel) and a vacuum chamber.
The vacuum chamber was a cross of 10 in. outer di-

taining methyl compounds, which are frequently used [oremod |
for the CH, radical sources in diamond film depo- | Electron
sition and for the study of fast gaseous discharge Cas _ Gun | Ex;:sr:rer
. 1 X
switches as well. Intet ; >
In the current experiment, the CH, radical was t '
produced by photodissociation of CH,OH by ArF AN [ q
excimer laser photons at {93 nm. CH, was then ion- ;___E}E Micro- 1
; : L . i Computer 1
1zed by electron impact. The electron-impact ioni- ‘ , i |
zation cross section was determined by comparing i /yf 3 vu::"SUSDOle
the CHY ion intensity observed from eiectron im- N ‘ Spectrometer
pact of CH; with that of CH.OH. Turbomolecuiar |
) |
i ume ¢ Yacuum
15001 /5 L Chamoer
Also at the Department of Chemis?. . San Diego State Univer-
sity. San Diego, CA 92182, Uxa Fig. 1. Schematic diagram of apparatus.
0009-2614/88/% 03.50 © Elsevier Science Publishers B.V. 513

( Nonth-Holland Physics Publishing Division)
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ameter that was pumped by a 1500 €/s turbomolec-
ular pump (Balzer TSU-1500). The electron beam
was produced by an electron gun for which the de-
sign was described before (! ]. The electron beam
was confined by a magneuc field generated by a so-
lenoid. The cross sectional area of the electron beam
was about | mm in diameter. The electron beam was
extracted from a hot filament by applying a pulse
voitage to the efectron extractor. The molecular beam
produced by flowing CH,OH through a stainless steel
nozzle which was 1.0 mm inner diameter and 4.0 mm
long. The molecular beam crossed the electron beam
at 90°. The cross sectional area of the laser beam was
1.19%0.40=0.476 cm- (the short side in vertical),
and passed the electron-molecule interaction region
in a direction perpendicular to the electron beam.
The laser beam entered the vacuum chamber through
a MgF. window, and the laser power was measured
by a power meter {Scientech). The ions produced by
electron-impact ionization were extracted by an elec-
tric field in the direction perpendicular to both the
electron and the laser beams. The extraction electric
field was established by two wire meshes separated
10 mm. The electron beam propagated along the
central line beiween them. The extracted ions were
accelerated to 300 V and were then focused into the
entrance of the quadrupole mass spectrometer. The
ions were detected by a channeitron.

The output pulses from the channeltron were am-
plified and counted by a 200 MHz photon counter
svstem (Stanford Research System SR400). The fast
photon counter was controiled by a microcomputer,
which was also used to accumulate and to analyze
the data. The counter gates, the excimer laser, and
the electron beam pulses were triggered by a pulse
generator (Hewlett-Packard) that provided double
pulses with varied delay times. A multichannel scaler
(Canberra) was also used to accumulate the ion sig-
nals as a function of time.

The pressure in the vacuum chamber was moni-
tored by a cold cathode gauge installed about 50 cm
from the electron-gas interaction region. The ulti-
mate background pressure was about 3 X 10~ % mbar,
and the gas pressure, typically used in the expern-
ment, was in the 10~ mbar range as measured by
the cold cathode gauge. The gas pressure in the beam
interaction region was measured to be about two or-
ders of magnitude higher than the background pres-

S14
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sure. This pressure gradient was determined by
measuring the ion signals produced by admitting the
gas through the molecular beam nozzle and through
a side gas inlet that provided the same background
pressure. The CH.OH vapor was obtained from
methanol (with purnity of 99.9%) which was punified
by liquid nitrogen.

2.2. Data acqusition procedure

The time sequence for laser pulse. double electron
beam pulses and counter gates are depicted in fig. 2.
The laser pulse (10 ns duration) served as the time
reference (1=0). The electron beam pulses of du-
ration. !, had a delay time. (.4, from the laser puise
and a separation time. /... A two-channel counter was
used with a duration of ¢, for each gate. The delay
time, /.4, and the separation time. ¢, of the counter
gates could be set differently from the electron beam
pulses. (.4 was set sightly longer than 1. and ¢, was
nearly equal to r., of about 1 ms. The CH, radicals
produced by laser excitation were subsequently ion-
ized into CH{ by the first electron beam pulse. The
ionization threshold of CH; ~CH7 +eis at 9.84 eV
[2]. The CHy ions were counted by the channel A.
CH7 can also be produced by dissociative electron-
impact ionization of CH,OH if the electron energy,
E.. is higher than the threshold for dissociative ion-
ization of CH,OH at 13.5 eV [3]. The channel A
could include two signals - one from electron-impact
ionization of CH, and the other from dissociative
ionization of CH,OH. The second electron pulse was
far away from the laser puise so that the radicals were
pumped away from the interaction region, and the

LASER

Te Te
_] ; E-BEAM

b Ted —— Tos —

Te Te
B [COUNTER

-Tcd #—— Tcs —

Fig. 2. Time sequence for laser puise. double electron beam pulses.
and counter gales.
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signal of channel B is only due to electron-impact
iomzauon of CH.OH. The difference between chan-
nels A and B represents the signal due to electron-
impact iomzation of CH..

3. Results and discussion
3.1. Dependence of ion intensity on delay time

The CH7 10n intensity was observed by channel
A at varied delay time from laser pulse. The CHy
ion intensity in the first 200 ps is larger than the
background observed a1 long delay time. The addi-
tional laser-enhanced ion intensity is produced by
clectron-impact ionizanon of CH, and/or CH.OH
in electronically excited states. Since the photoab-
sorption cross section of CH.OH around 193 nm 1s
a continuum [4], laser excitation of CH,OH maimiy
leads 10 dissociation,. that is. the enhanced signals are
mainly due to dissociation products. CH;.

The decay time of the enhanced signal represents
the time that the CH, radicals exist in the electron
beam region. At the exit of the molecular beam noz-
zle, the molecular flow velocity in the electron beam
region could be of the order of 10°-10* cm/s. The
time spent by slow radicals in the laser beam region
is thus expected to be of the order of few hundred us.
The observed decay time (about 200 ps) of the en-
hanced signal is consistent with this expectation. A
fraction of the radicals produced by photodissocia-
tion could carry high kinetic energies, depending on
the potenual surface that the dissociation process
takes place. The exothermicity for photodissociation
of CH.OH into CH,;+OH at 193 nmis about 2.4 eV.
A fraction of the radicals could acquire translational
energy from the exothermic energy such that the rad-
icals have high velocity. These fast radicals could
move away from the electron beam region in a short
time such that they are not detected.

3.2. Dependence of ion intensity on gas pressure,
electron current. and laser power

The CH7 ion intensity from ionization of the CH;,
radical by each electron beam pulse is given by

N =Ka. | N.n dV, (1

CHEMICAL PHYSICS LETTERS
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where K is a constant including ion extraction etfi-
ciency and ion detection efficiency. o, 1s the elec-
tron-1mpact ionization cross section. .V, is the number
of electrons per unit area per electron pulse. n, 1s the
radical concentration. and the integral 1s carned over
the overlap region of the electron beam. laser beam.
and molecular beam.

The radical concentration can be determined from
the laser flux. /,. and the CHOH conceniration, n..
by

n,=1l,0,ng, 2

where g, 1s the cross section for photodissociation of
CH,OH into CH,+OH at 193 am. The validity of
this calculation is under the assumption that n, and
I, are uniform over the interaction volume. Since the
interaction volume 1s quite small, this assumption 1s
teasonably good.

Substituung (X1 into {1). we have

N, =K[,a‘,a,j.\’cn‘, dr. (3)

This equation shows that the CH{ 1on intensity
is proportional to laser power, efectron beam cur-
rent, and gas pressure. This assertion was tested by
measuring the laser-enhanced signal as a function of
these parameters. The results are shown in fig. 3. The
data were measured with the time variables of t, = 300
US. leg=2 US. te;=1.0 ms, 1.=400 ps. 7,,=20us. and
t.s=960 us. For the pressure dependence shown 1n
fig. 3a. the electron energy was 13.0 eV, the electron
beam current was 75 nA averaged over 30 double
pulses, and the laser flux was 30.0 mJ/cm- per pulse
at 30 Hz. For the electron beam current dependence
shown in fig. 3b, the electron energy was 13.0¢eV, the
gas pressure was 4.0 10-7 mbar. and the laser flux
was 31.0 mJ/cm*. For the laser flux dependence
shown in fig. 3¢, the electron energy was 15.0 eV, the
gas pressure was 1.1 X 10~7 mbar, and the electron
beam current was 645 nA. As expected. the laser-en-
hanced CH; ion intensity depends linearly on gas
pressure, electron beam current. and laser flux. Those
results support the assertion that the laser-enhanced
signal is due to electron-impact ionization of CH..

3.3. Electron-impact ionization function of CH.

The CH; ion intensity was measured as a func-

S15
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INTENSITY ( 1000 cts )

+
3

[¢] 500
ELECTRON CURRENT (nA)

0 (c) |

{ { _
a 10 70

LASER FLUX (mu/cm2)

Fig. 3. Laser-cnhanced CH{ 1on signals as a function of (a) gas
pressure. (b) clectron beam current, and (¢) laser flux.

uon of electron energy as shown in fig. 4. The time
variables were set at (.=300 us, lg=2 us, l,=1.0
ms, {, =400 ps. 7.4=20 us, and 1,,=960 us. The av-
erage laser flux was 29.9 mJ/cm? each puise. The av-
erage electron beam current was 540 nA, and the gas
pressure was 1.6 10~ mbar.

As shown in fig. 4a, channel A has a constant sig-
nal more than channel B at electron energy lower than
10 eV. This additional signal is due to multiphoton
dissociative ionization of CH,OH by laser photons.
At electron energy higher than 10 eV, the signal of
channel A increases systematically with increasing
electron energy. Channel B starts to show significant
signal at about {4 eV. The difference between A and
B is shown in fig. 4b, which represents the relative
ion1zation cross section for the process

e+CH,—~CHy +2e. (4)
The fluctuation of the data shown in fig. 4b is high

516

CHEMICAL PHYSICS LETTERS

25 November 1988

- (a) A. B
A 8
- 1 -
"
S
g -
=1 -10
o L i
- 0 20
7]
z
w -
z
= (b) A-B
™ 1 —
P B
10 20

ELECTRON ENERGY (eV)

Fig. 4. (a) CH{ 1on intensities measured by channels A and B as
afunction of electron energy. (b) The difference between the sig-
nals of channeis A and B.

at electron energy higher than 15 eV. because both
channels A and B have large signals and their sta-
tistical uncertainties become high.

3.4. Electron-impact ionization cross sections of
CH, and CH,OH

The absolute electron-impact ionization cross sec-
tion of CH, can be determined by companng the
CH7 ion intensity observed from electron-impact
ion1zation of CH, with other systems. for which the
cross sections are known. The dissociative electron-
impact ionization of CH,OH,

e+CH,;OH~CH7 +OH +2e, (5)

is chosen for the calibration. This system has the fol-
lowing advantages: (i) same CH; is detected so that
the detection efficiency is essentially the same. and
(i1) CH,0H is the parent molecule of the radicals so
that their spatial distribution in molecular beams are
similar.

The CHy ion intensity produced by process (5)
1s given by

No=K'gy | NengdV, (6)

v
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where K’ is a constant that includes the extraction
efficiency and the detection efficiency. and a, is the
electron-impact ionization cross section for process
(5).

The ratio of .V, and .V,, shown in egs. (3) and (6)
1s thus equal to

N /N,=Kl.0,0./K a,. (7
or
0. =(N/N)) (K /KYan/l,0o,, (8)

where the spaual distributions of both CH; and
CH,OH are assumed to be the same.

The radical ionization cross section can thus be
determined from thc ion signals, the iaser fiux, and
other parameters that are predetermined. The K' and
K may be different due to different extraction effi-
ciencies of the CHy ions that carry different kinetic
energies. This difference is compensated by adjust-
ing the extractor voltage, which was set at 8 V so that
the exiuraction efficiencies for both systems were
nearly in the saturation level. Under this condition,
we assume that X' is equal to K. The photoabsorp-
tion cross section of CH,OH at 193 nm is
7,=3.0X 10" ¢m- [4]. The absorption is a dis-
sociative process that may mainly tead to CH,+OH.
The electron-impact ionization cross sections of

Table |
Electron-impact iomzation cross sections of CH.OH at \0Q eV

CHEMICAL PHYSICS LETTERS

lon spectes Cross section
(10~ 4 cm*)

CH.OH* 113.16

CH,OH"* 154.70

CHOH* 12.35

CHO"* 93.45

co- 11.68

H.0* 0.49

H.0* 2.88

OH* 2.02

0+ 1.20

CHY 40.01

CH? 6.50

CH* 0.27

c* 1.76

H? 28.74

H* 0.85

total (o7) 170.06
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CH,OH into various ion fragments were measured
by the apparatus at the Jet Propulsion Laboratory
{5]. The data at 100 eV are histed in table ) The
total ionization cross sectioft. gr. which is the sum
of all partial cross sections. is 4.70x [0~ "¢ cm®. This
is in good agreement with the value of 4.6x10-'®
cm® measured by Duri¢, Cadez and Kurepa (6].

Based on the above parameters as well as the mea-
sured ion signals and laser fluxes. the cross sections
for the electron-impact ionization of CH, are shown
in fig. 5. The experimental uncertainty due to the
statistical fluctuation is less than 7%. The system-
atical error is difficult 10 determine. however, it is
estimated to be within a factor 2 of the given value.
The assumption that the spatial distribution of CH,
radicals is the same as that of CH,OH may cause a
large uncentainty. Since the energy distribution of the
CH, radicals depends on the method of radical pro-
duction, the cross section obtained in this exper:-
ment is only an “apparent” value. It is of interest to
compare this measured cross section with the values
measured by other CH, sources. The current cross
section of CH, is comparable with that of CD, mea-
sured by Baiocchi et al. [7] using a fast 10n beam for
the radical source.

4. Concluding remarks
The electron-impact ionization of CH, is investi-
gated in the [0-22 eV region. The absolute ioniza-

tion cross section in electron energy 10-14 eV is

s17
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determuned by companng the CHY 1on intensity
from electron-impact 1omzation of CH; with that of
CH.OH. The electron-impact 10ni1zation cross sec-
tons for dissociauion of CH:OH 1nto various 1on
fragments at 100 eV are aiso reported.
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FLUORESCENCE YIELDS FROM PHOTODISSOCIATIVE EXCITATION
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The photoabsorption and fluorescence cross sections of chloromethanes were measured :n \he 105-20 am region using
synchrotron radiation as a light source. The fluorescence threshold for CCly 1s at 152 nm with a maxomam yeld of 3% at 113
nm. The fluorescence results from the CCl.(A-X) system. For CHCI,. the fluorescence threshold 1s at 155 nm with a
maxmum vield of 0.6% at 110 nm. For CH,Cl;. the threshold is at 137 nm with a maxumum yield of 0.35% ay 107 nm. The
fluorescence vield of CH,Cl is very small with an upper iimut of 0.02%. The photodissociauon processes are discussed wn
accord with the fluorescence data observed. Vibrauonal structures in CHCl, and CH;C}t, are observed and classified into

progressions.

1. Introduction

Fluorescence from vacuum ultraviolet {YUV)
photolysis of CCl, was recently observed and
identified to be the CCl,(A'B, » X'A,) system
[1]. The fluorescence excitation spectrum was re-
ported {1}, but the fluorescence cross section and
quantum yield were not measured. It is of interest
to measure the quantitative data, because they are
important for understanding photodissociation
processes as well as for practical applications. For
example, the production yields of atomic Cl from
photolysis of chlorine compounds are of interest
in the study of atmospheric and intersteller chem-
istry and in the chemical etching of semiconductor
materials. Photolyses of chloromethanes could be
sources of CH_ (x = 1-3) radicals.

The absolute cross sections for photoabsorption
and fluorescence of chloromethanes (CCl,,
CHCl,, CH,Cl, and CH,Cl) were measured using
synchrotron radiation as a light source. The ab-
sorption cross sections are used to compare, with
previous values [1-S] that are somewhat con-
troversal [1]. The quantitative fluorescence cross

' Also at: Department of Chemustry, San Diego State Univer-
sity, San Diego, CA 92182, USA.

sections and quantum vields reported here are
new results.

2. Experimental

The experimental arrangement has been de-
scribed in previous papers (6.7]. In bref, synchro-
tron radiation produced from the electron storage
ring at the University of Wisconsin was dispersed
by a 1 m Seya vacuum monochromator. The ab-
sorption cross section was measured by the at-
tenuation of light source by molecules 1n a gas cell
of 39.2 cm path length. The expenmental uncer-
tainty for the absorption cross section is estimated
to be within 10% of the given value. The VUV
light intensity was measured by a combination of
sodium salicylate coated on a window and a pho-
tomultiplier tube (PMT). The fluorescence was
observed in a direction perpendicular to the light
source by a PMT (EMI 9558QB), for which the
response was about constant in the 180-400 nm
region and then gradually decreased to nearly zero
at about 800 nm. The absolute fluorescence cross
section was obtained by comparing the fluores-
cence intensity with the OH(A-X) fluorescence
produced from photodissociative excitation of

0301-0104 /87 /803.50 © Elsevier Science Publishers B.V.

(North-Holland Physics Publishing Division)
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H.,O, for which the fluorescence cross section is
known (6,7). The PMT response was not corrected
in the absolute fluorescence measurement. The
fluorescence cross section could be higher than the
given value by a factor of two, if the correction for
the PMT response is made.

Liquid CCl, was supplied by EM Industries
with a stated purity of better than 99.9%. Liquid
CHCl, and CH,Cl, were supplied by Fisher Sci-
entific with purities of better than 99.7% and
99.9%, respectively. These liquids were degassed
by cooling down to solid with liquid N,. The
samples were repeatedly purified such that the
absorption due to possible impurities, such as O.,
was not observed in the absorption spectra. CH,Cl
was supplied by Matheson with a purity of better
than 99.5%. and was used in the experiment as
delivered.

3. Results and discussion
3.1 CCl,

The absorption cross section of CCl, in the
105-220 nm region is shown in fig. 1, which was
measured with a monochromator resolution of 0.2
nm. The absorption bands have been assigned to
Rydberg states as discussed by several mwvestiga-
tors [3.8], and the assignment given by Robin (8] is
indicated in fig. 1. The discrepancy between the
earlier absorption data has been pointed out by
Ibuki et al. [1]. The current result agrees within
experimental uncertainty with the data of Russell
et al. [3) in the 110-200 nm region, but it is higher
than the data of [buki et al. by about 40% in the
110-135 nm region.

The cross section for the production of fluores-
cence from photodissociative excitation of CCl, is
shown in fig. 1. The fluorescence was observed
simultaneously with the absorption measurement.
The fluorescence has been attributed to the
CCl,(A-X) system [1]. The structure shown in the
fluorescence cross section is very similar to that of
the absorption cross section.

The fluorescence yield, which is defined as the
ratio of fluorescence cross section to absorption
cross section, is shown in fig. 2a. The fluorescence
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Fig. 1. Photoabsorption { ) and fluorescence {---) cross
sections of CCl, measured with a monochromator resolution
of 0.2 nm.

yield starts at 152 nm. increases to a plateau of
about 1% at 130 nm, and then reaches a maximum
of about 3% at 113 nm.

The fluorescence vield is a measure of the inter-
action strength between the initial excited state
and the repulsive state that produces the emitting
spectes. The vertical energy of the repulsive state
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Fig. 2. Fluorescence quantum yields of (a) CCl,, (b) CHCl,,
and (c) CH,Cl1,. The calculated thresholds for the dissociation
processes that produce CCl, (A-X) fluorescence are indicated.
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can be determinglf from the wavelength at the
maximum fluorescence yield. The first repulsive
state, which has a maximum fluorescence yield at
128 nm (vertical energy of 9.7 eV), may dissociate
into CCl,(A) + Cl,. The threshold wavelength for
this process is at 224 nm. The second repulsive
state, which has a maximum fluorescence yield at
113 nm (vertical energy of 11.0 eV), likely dissoci-
ates into CCl,(A) + 2Cl. The threshold for this
process is at 155 nm. The threshold wavelengths
are calculated using the heats of formation for
CCl,, CCl,, and Cl of —22.42, 56.7, and 28.587
kcal /mol, respectively [9,10), the dissociation en-
ergy of Dy(Cl-Cl) =2.479 eV [11], and the excita-
tion energy for the CCl,(A 'B,(0, 0. 0) —
X 'A,(0, 0, 0)) transition of 2.1 eV [12].

3.2. CHCl,

3.2.1. Photoabsorption

The photoabsorption cross section of CHCl, is
shown in fig. 3, which was measured with a mono-
chromator resolution of 0.4 nm. The current result
is generally higher than the data of Russell et al.
(3] by about 25%, and significantly higher than the
data of Lucazeau and Sandorfy {2].

The absorption bands of CHCl, have been
previously assigned to Rydberg transitions [3.8],
and the assignment given by Robin (8] is indicated
in fig. 3. In addition to the broad absorption
bands, weak vibrational structures were observed
in the absorption spectrum. The absorption spec-
trum measured with a monochromator resolution
of 0.04 nm is shown in fig. 4. The first vibrational
progression is superimposed on the 3e — 4p Ryd-
berg transition, indicating that the vibrational pro-
gression may be a member of the Rydberg series
converging to the ?E ion state of CHCI,. The
absorption spectra for the D(1a, — 4p) and X(3e
— 4p) Rydberg transitions are very similar to the
photoelectron spectra of the A, and 2E ion states
of CHCI; [13,14). This similarity further suggests
that the first level of the vibrational progression at
136.61 nm likely converges to the threshold of the
2E ion state which is at 11.6 ¢V {13,14]. Based on
this assumption, the effective quantum number for
the Rydberg transition is calculated by the Ryd-
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berg formula,
v =y, —109737/n*%, (1)

where v, = 93560 cm ™' is the threshold potential

energy of the *E ion state [13.14]. The effective
quantum numbers, wavelengths. wave numbers,
and vibrational frequencies for the tentatively as-
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Fig. 4. Photoabsorption spectrum of CHCl, measured with a

monochromator resolution of 0.04 nm. The wavelength posi-

tions for the vibrational progressions of tentatively assigned
Rydberg senes are indicated.
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signed wibrational progressions of other Rydberg
members are listed in table 1 as well as indicated
in fig. 4. The wavelength is calibrated against the
known absorption spectra of CH,Cl {15} and H,O
(16] which were measured in the same experiment.
The uncertainty for the wavelength calibration is
estimated to be 0.1 nm for the absolute value and
0.02 nm for the relative value.

As listed in table 1, the average frequency for
the vibrational progressions is about 410 cm ™.
This value is close to the vy frequency (CCl,
symmetrical deformation mode) of the ground
state of CHCl, (363 cm™') [17.18). As shown in
fig. 4, each wvibrational band has a double peak
with a frequency separation of about 120 cm ™.

3.2.2. Fluorescence

The cross section for the production of fluo-
rescence from photodissociative excitation of
CHCl, was simultaneously measured with the ab-

Table 1

The effective quantum numbers, n* wavelengths, A, wave
numbers. ». and vibrational frequencies, 'A», for the tenta-
tively assigned vibrational progressions of the Rydberg senes
converging to the 2E ion state of CHCl3

n n* v A (nm) v(cm™ Y Aricm™YH

4 232 0 136.61 73201
1 135.86 73605 :03:
2 135.06 74041 541
3 134.08 74582 03
4 133.36 74985 432
5 132.42 75517 07
6 131.711 75924

5 319 0 119.84 83444 420
1 119.24 83864 410
2 118.66 84274 422
3 118.07 84696 403
4 117.51 85099

6 432 o0 114.05 87681 432
1 113.49 88113 430
2 112.94 88543 409
3 112.42 88952 a1
4 111.89 89373

7 528 0 111.57 89630 a1
1 110.06 90041 423
2 110.54 90464

0 93560

sorption cross section. The result is shown in fig.
3. The fluorescence cross section is used to calcu-
late the quantum yield as shown in fig. 2b. The
fluorescence yield starts at 155 nm, and then
reaches two maxima of 0.1% and 0.6% at 146 and
110 nm. respectively. The first band likely corre-
sponds to a repulsive state (with a vertical energy
of 8.5 eV) that dissociates into

CHCl, - CCl,(A) + HCI. £2)

The threshold wavelength for this process is 268
nm, where the heats of formation of —22.019 and
—23.49 kcal/mol for HCl and CHCl, (9,10}, re-
spectively, are used for the calculation.

The second fluorescence band likely corre-
sponds to a repulsive state (with a vertical energy
of 11.3 eV) that dissociates into

CHCl, - CCl,(A) + H + Cl. (3)

The threshold for this process is 137 nm, where
the dissociation energy of Dy(H-Cl)=4.434 eV
[11] is used for the calculation. The calculated
threshold wavelength coincides very well with the
observed threshold as in fig. 2b.

3.3. CHLl,

3.3.1. Photoabsorption

The photoabsorption cross section of CH,Cl,
measured with a monochromator resolution of 0.2
am is shown in fig. 5. The current result agrees
very well with the data of Russell et al. {3). The
absorption bands in the 130-200 nm region have
been assigned to Rydberg transitions [3.8]. The
assignment given by Robin (8] is indicated in fig.
5.

Vibrational structure appears in the absorption
spectrum at wavelengths shorter than 145 nm. An
attempt to classify these absorption bands into
Rydberg series is not successful, instead, six vibra-
tional progressions are classified as shown in fig.
6, which was measured with a monochromator
resolution of 0.04 nm. The wavelengths, wave
numbers, and vibrational frequencies for the
tentatively classified vibrational progressions are
listed in table 2. The vibrational progressions I
and II have been observed by Zobel and Duncan
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Fig. 5. Photoabsorption ( ) and fluorescence (---) cross
sections of CH,Cl, measured with a monochromater resoiu-
tion of 0.2 nm.

[19]. The progressions I. II, and VI have an aver-
age vibrational frequency of about 680 cm™',
which is close to the v, frequency (CCl, symmet-
rical stretching mode) of the ground state of
CH,Cl, (717 cm ™) [18}. The vibrational progres-
sions I, IV, and V have an average vibrational
frequency of about 1000 cm™!, which is close to
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Fig. 6. Photoabsorption spectrum of CH,Cl measured with a

monochromator resolution of 0.04 nm. The wavelength posi-

tions for the tentatuively assigned vibrational profgressions are
indicated.

the vs frequency (CH, twisting mode) of the
ground state of CH,Cl, (1153 cm™") (18].

3.3.2. Fluorescence
The fluorescence cross section of CH.Cl.,
which 1s simultaneously measured with the ab-

Table 2
Wavelengths, \. wavenumbers. ». and vibrational frequencies

Av. for the tentatively assigned vibrational progressions of
CH,Q,

Progression v A(am) wvem™')y  Av(cm™Y)

1 0 14300 69930
Y 14159 70626 232
2 14031 M0 620
3013910 T18%0
4 13772 72611 23;
S 13645 73187
6 13523 73948 Zg;
13397 74644 056
§ 13276 75314 ;
9 13158 75999 673

1 0 13843 72219 06
1 13709 T2945 687
T 1358t 13632 201
3 13453 74333
a 13329 75024 23;
s 13209 75706

1 0 12679 78871
1 12510 7993 1(;3;
2 12374 8081S 1058
3012214 818M3 1046
4 12060 82919

v 0 12635 79145
1 12440 80386 ‘3‘;
212299 81307 joud
312153 82284 269
4 12026 83153

v 0 12582 79479
I 12411 80574 :g?;
2 12256 81593 o83
3 12110 82576

Vi 0 11681 85609
1 11589 86289 sgg
2 11493 87009 203
3 11401 87712 653
4 11316 88370 P
5 11229 89055 N
6 11140 89767 657
7 11059 90424 642
8 10981 91066
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sorption cross section, is shown in fig. 5. The
fluorescence vield determined from the fluores-
cence cross section is shown in fig. 2¢. Simular to
CCl, and CHCl,, the fluorescence yield shows
two bands with maxima of 0.06% and 0.35% at
131 and 107 nm. respectively. The first band likely
corresponds to a repulsive state (with a vertical
energy of 9.5 eV) that dissociates into

The threshold of this process is calculated at
226 nm. using heat of formation of -21.19
kcal/mol for CH,Cl, [9,10). This calculaled
threshold wavelength 1s much longer than the
fluorescence threshold wavelength observed at 137
nm.

The second band likely corresponds to the pro-
cess

CH.Cl, — CCl,(A) + 2H. (5)

for which the threshold wavelength is 125 nm,
where the dissociation energy of H, (44781 eV
[11]) is used for the calculation. The calculated
threshold for this second fluorescence band coin-
cides with the observed threshold as shown in fig.
2¢c. The wavelength for the maxumum yield of this
band may occur at a wavelength shorter than 106
nm.
The CH,(b 'B,-i 'A,) emission, which has been
observed from the photodissociative excitation of
CH, [20), may be produced from the photoexcita-
tion process

CH,Cl, - CH,(b) + C1,. (6)

The wavelength threshold for this process is ex-
pected to be 130 nm, as calculated from the heat
of formation of 92.25 kcal/mol for CH, [9,10]
and the excess energy of 4.63 eV required for the
production of the CH,(b-3) emission. This excess
energy is assumed to be equal to the excess energy
that produces the same emission from the excita-
tion process of CH, -+ CH, + H, [20]. The fluo-
rescence yield for the CH,(b — ) emission is,
however, expected to be quite small because the
fluorescence yield for CH,Cl is very small as
discussed below.

3.4. CH,C!

The absorption cross secticn of CH,Cl mea-
sured with a monochromator resolution of 0.04
nm is shown in fig. 7. The current result agrees
with the data of Russell et al. [3} within experi-
mental uncertainty. The absorption bands have
been assigned to Rydberg transitions by several
investigators [3,8,15.21). The assignment given by
Robin (8] is indicated in fig. 7. The sharp absorp-
tion bands have been classified into Rydberg series
by Hochmann et al. [21}.

The relative cross secuon for the production of
fluorescence from photodissociative excitation of
CH,C1 is shown in fig. 7. where the data were
measured with a resofution of 0.7 nm. The upper
limut for the fluorescence cross section is estimated
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Fig. 7. Photoabsorption ( ) and relative fluorescence

(---) cross sections of CH,Cl. The monochromator resolutions

were 0.04 nm (or the absorption and 0.7 nm for the fluores-

cence. The upper limit for the fluorescence cross section is
' estimated to be 1072 cm?.
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to be 107 cm?. The fluorescence cross section is
quite small when compared with other chloro-
methane molecules. The fluorescence yield s
smaller than 0.02% for the entire wavelength re-
gion studied. The fluorescence may mainly consist
of the CH,(b-i) emission. which is produced
from the process,

-~

CH,Cl = CH, (b) + HCl. (1)

The wavelength threshold for this process is 147
nm as calculated from the heats of formation of
—22.019 and -18.1 kcal /mol for HC! and CH,Cl.
respectively (9,10}, and the excess energy of 4.63
eV for the production of the CH,(b-4) emission
[20]. This calculated threshold is longer than the
observed fluorescence threshold of about 124.5
nm.

4. Concluding remarks

The absorption and fluorescence cross sections
of CCl,, CHCl,, CH,Cl,, and CH,Cl are mea-
sured in the 105-220 nm region, and used to
determine the fluorescence quantum yields. In
general, the spectrum of each fluorescence yield
shows two maxima, indicating that the flwores-
cence is produced by two repulsive states. The
wavelength at the maximum fluorescence yield is
used to determine the vertical energy of the repul-
sive state.

Robin [8,22] has assigned the intense energy
loss band at 81000 cm™! in the electron impact
spectrum of CCl, to the 0 = o* transition. This
transition may correspond to the first fluorescence
band of CCl, that has a maximum yield of about
1% at 130 nm as shown in fig. 2a. Similarly, the
first fluorescence bands of CHCl, and CH,Cl, as
shown in figs. 2b and 2c could be assigned to the
same transition.
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ABSTRACT

N. molecules were excited by ArF (193 nm) laser photons and then dissociatively wonized
by electron impact. The laser-enhanced N ™ ion intensity is linearly dependent on laser power.
N, pressure and electron beam current. The enhanced ion signal is attributed to the
electron-impact jomzation of laser excited N in the 4°T state. The excranon function for
the producuon of N~ 1ons bv electron smpact on NI was measwred av 17-32 ¢\

INTRODUCTION

Excited N molecules are quite abundant in N, discharge media and they
have a substanual effect on discharge characteristics {1-5]. Electron excita-
uon function of N is thus of interest for the understanding of discharge
phenomena. However, very little data are available for the excited states. in
contrast to the ground state which has been extensively studied [6-14]. The
electron-impact ionization of N (A4) has been investigated once by
Armentrout et al. {15] using a charge transfer neutralization beam of NJ
with NO. The study of excited states is difficult because the excited species
is chemically active and its concentration is usuaily limited to a small
quantity.

In this experiment, the excited N2 species were produced by ArF (193
nm) laser irradiation. The excited species are presumably in the 4T
metastable state of which the lifetime 1s about 1 s {16]. The photo-absorption
spectrum of the N.(A4 « X) system has been investigated by Shemanskv
{17]. The photo-absorption cross-section of N, at 193 nm is expected to be
small: however, the excimer laser intensity was so strong that a reasonable

N168-1176,89,303.50 1989 Elsevier Science Publishers BV
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amount of excited species could be prepared for the experiment. The
probability for excitation of N, into the A’L state could be of the order of
10~ at a tvpical laser power density of 40 mJ cm™? and an assumed average
photo-absorption cross-section of 10 ~2* cm”. The excnation function for the
production of N from electron-impact ionizauon of excited N.* is reported
in thus paper.

EXPERIMENTAL
Apparatus

A schematic diagram of the experimental apparatus is given i Fig. 1. The
apparatus consists of an electron beam, a molecular beam nozzle, an excimer
laser (Lumonics-510) and a quadrupole mass spectrometer {18]. The vacuum
chamber was pumped by a turbomolecular pump (Balzer TSU-1500). The
background vacuum pressure was about 5 X 1078 mbar. The electron gun
and ion extraction system were similar to the design reported in a previous
paper {19]. Electrons were produced by a hot filament and confined by a
solenoid magnetic field. lons, after mass selection by the quadrupole mass
spectrometer, were detected by a channeltron. The output pulses from the
channeltron were amplified and counted by a 200-MHz photon counter
system (Stanford Research System SR400). The fast photon counter was
controlled by a microcomputer, which was also used to accumulate and to
analyze the data. The counter gates, the excimer laser and the electron beam
pulses were triggered by a pulse generator that provided double pulses with
varied delay umes.

Solenotd
Etectron

— Gun Excimer

' La
Intet ® ser

Micro-
= o

8§

I Quagrupole
. Mass
,__.._____L___ Spectrometer
' Turbomolecular
‘ 2imp vacwum
5001/ Chamoer

Fig. 1. Schemauc diagram of the expenmental set-up.
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The gas was introduced into the vacuum chamber through an adjustable
leak vaive. The pressure between the leak valve and the vacuum chamber
was measured by a capacitance manometer. The pressure in the vacuum
chamber was monitored by a cold cathode gauge installed about 50 ¢cm from
the electron-gas interaction region. The gas pressure tvpically used in the
experiment was in the 10”7 mbar range as measured bv the cold cathode
gauge. The gas pressure in the interaction region of laser and electron beams
was measured to be about two orders of magnitude higher than the back-
ground pressure. The N, gas purity was better than 99.99%.

The laser beam diameter was reduced by an iris aperture of 0.32 cm.
MgF, windows were placed on the vacuum chamber for laser transmission.
The laser power was monitored by a power meter (Scientech). Laser power
attenuation was accomplished by placing quartz and sapphire plates in the
laser beam path. The whole system was tested with inert gases. The electron
excitation functions of inert gases (Ne, Ar and Kr) are in good agreement
with published data over the energy range 5-300 eV {20]. The electron beam
energy. [,. was calibrated by ionization thresholds of inert gases. The
energy resolution was about 0.5 eV.

Data acquisition procedure

The time sequences for laser pulse, double electron beam pulses and
counter gates are depicted in Fig. 2. The laser pulse (10-ns duration) served
as the time reference (¢ =0). The double electron beam pulses had a delay
ume. ¢4, from the laser pulse and a separation ume, f_,, between the pulses.
Each pulse had a duration ume, ¢,, that was variable. A two channel counter
was used with a duration of ¢_ for each gate. The delay time, ¢4, and the

LASER

Te

Te
ﬁ _1 E-BEAM

> Ted w=—— Tos —

Te Te

A [ 8 [COUNTER

-Ted w—— Tcs ——

TIME

Fig. 2. Time sequence for laser pulse, electron beam puises and counter gates. Tvpicaliv.
leg=2 ps, t, =100 ps, 1, =1 ms, 1o =20 us, 1. =200 us and 1, = 960 us.
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Fig. 3. N7 ion intensity as a function of the delay ume of the counter gate. (a) Signal
accumulated by channel A that includes signals from both N; and N#. (b) signal accu-
muilated by channel B that is only due 1o N,. The electron energy was 30 eV.

separation time. ¢, of the counter gates could be set differently from the
electron beam pulses. ¢_, was set slightly longer than ¢, and ¢ was nearly
equal to r,. Tvpically, tq=2 us, 1, =100 pus, t,,=1 ms, 14=20 us,
t. =200 us and ¢ = 960 us.

The N7 ions produced by electron excitation of N, were observed.
Channel A of the counter collected the N ion signals produced by
electron-impact ionization of both N, and NJ. For channel B. the meta-
stable N had already moved out of the collision region so this channel
collected only the ion signal from N,. Channel B is typically set about 1 ms
later than channel A so that the laser-enhanced signal does not appear in
channel B (see Fig. 3 for further discussion). The difference between the ion
intensities measured by the A and B channels represents the difference of
the dissociative electron-impact ionization cross-sections of N* and N,. The
present procedure has the advantage that the data are taken in a short time
after each laser pulse so that the laser-enhanced signals are not seriously
affected by the fluctuations of gas pressure, electron beam current and
detection efficiency, which may change in a long time scale. The signals were
observed at varied delay times, laser powers, gas pressures, electron beam
currents and electron energies.

RESULTS AND DISCUSSION

The laser-enhanced N* ion signals were observed as a function of the
counter delay time () as shown in Fig. 3, where the signals of channel A
are shown in (a), and those of channel B in (b). The laser was operated at 30
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Fig. 4 N7 ion intensity from channel A as a funcuon of electron beam delay ume. The
electron energy 1s 22.0 eV.

Hz with an energy flux of 28 mJ cm ™ for each pulse. Each point of the
signals was accumulated by 1500 laser pulses. The N, pressure measured by
the cold cathode gauge was 1.2 X 1077 mbar. The average electron beam
current was 60 nA with an electron energy of 30.0 eV. The electron beam
pulses were set at 7, = 100 us. (, =2 us and ¢ =1 ms The counter gates
were set at . =10 us and ¢, =1 ms. and t, was scanned with a 10-us
increment.

As shown i1n Fig. 3. the signals start to appear at ¢, = 20 us. This delay
time represents the ti:ie of flight of the N ions over the distance (about 43
cm) between the electron beam and the i1on detector. The ion signals of A
decrease to a constant level of B at about 200 us. The channel A has a total
of 1570 counts more than that of B, namely, about one ion count for each
laser pulse. This signal level is expected if the average photo-absorption
cross-section i1s of the order of 1072 cm®. the N, concentration in the
electron beam region is 10'? molecules cm ~°, and the dissociative ionization
cross-section of the excited state is of the order of 107'5 ¢m®. These
parameters are within reasonable ranges of expectation.

The lifetime of the excited species in the electron beam region was further
measured by scanning the electron beam delay time. The N * ion intensity as
a function of electron beam delay time (¢,4) is shown in Fig. 4. In this
measurement, only a single electron pulse was generated after each laser
pulse. The electron pulse duration was set at ¢, = 10 us and ¢4 was scanned
at a 10-us increment. The counter gate of channel A was set at ¢, = 20 us
and ¢, =800 pus. The N, pressure was 2.7 x 10”7 mbar. The laser energy
flux was 30 mJ cm ™2, The electron beam current was 20 nA with an electron
energy of 22.0 eV. The ion signals decrease to a constant level at about 200
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us; this time duration is consistent with the data of Fig. 3. The constant
background signal was contributed mainly from the mulitphoton ionization
of N,.

Data of both Figs. 3 and 4 show that the excited species existing in the
electron beam region are quite long, indicating that the excited species are 1n
metastable states. There are only two excited species. N (A. ¢ = 1) and N
( X. v=26), that can be produced by the laser (193 nm) excitation. The
photo-excitation of N,;(X) to NF(A) has been observed [17] but the
vibrational excitation is not observed. suggesting that N.JS(A4) is produced
more favorably than NJS( X). Thus, the excited species is mosily in the
NI (A) state. although the possibility for the highlv vibrationally excited
N (X) is not ruled out. The radiative lifetime of N*( 4) is about 1 s [16].
The quenching rate constant of N*(4) by N, is about 107" cm’ s™' [21]:
thus. the quenching rate is about 0.2 s™' for a N, pressure of 10™° mbar.
The loss of NF(A) by radiation and quenching is much smaller than the
diffusion loss. The observed lifettme represents the residence time of the
excited species in the electron beam region. The molecular beam after the
nozzle is estimated to have a flow velocity in the order of 10°-10% cm s ™.
The time for the excited species spent in the electron beam region is thus
expected to be of the order of hundred microseconds as observed.

The electron energy of 22 V for producing the laser-enhanced N ion
signals shown in Fig. 4 is below the dissociative tonizatson threshold of N, of
24.3 eV [16]. Therefore, the observed ions are clearly not produced by
electron-impact ionization of N, in the ground state, but in the excited state.
The laser-enhanced N * ion intensity, n”. is expected to be

n=kn*l, (1)
= k'nla,l, (2)

where & and k' are proportional constants, n* is the density of excited
species, n is the N, gas density, [ is the laser photons per cm® per pulse. o,
1s the cross-section for the production of the excited state by the laser
excitation, and I, is the electron beam current.

The relationship of Eq. 2 is checked by measuring the laser-enhanced ion
intensities at varied laser fluxes, gas pressures and electron beam currents.
The laser power dependence of the laser-enhanced ion signal is shown 1n
Fig. 5a. The data were taken at an average electron beam current of 196 nA.
electron pulse duration of 100 us, electron energy of 22.1 eV and N, gas
pressure of 1.0 X 10”7 mbar. The linear dependence of the laser-enhanced
ion 1ntensity on laser flux checks well with Eq. 2.

The dependence of the laser-enhanced ion intensity on the gas pressure 1s
shown in Fig. 5b. The data were taken at an average electron beam current
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Fig. 5. Laser-enhanced N* ion intensities (A~ B) at (a) varied laser powers. {b) N, gas
pressures and (¢) electron beam currents. The eleciron energy is 22.0 eV.

of 323 nA, electron energy of 22.1 eV and laser flux of 20 mJ cm 2. The
laser-enhanced ion intensity is linearly dependent on the gas pressure. This
result again agrees with the expectation of Eq. 2.

The laser enhanced ion intensity was measured as a function of electron
beam current as shown in Fig. 5c. The data were taken at an electron energy
of 22.0 eV, gas pressure of 1.0 X 10~7 mbar and laser flux of 32 mJ cm 2.
The dependence is linear up to an electron beam current of 400 nA. This
result is again consistent with Eq. 2.

The above experimental results conclusively support that the laser-en-
hanced N ion signal is produced by dissociative electron-impact ionization
of excited Ny, which is most likely in the A°L} state. It is of interest to
measure the electron excitation function of this excited species, because the
data are not yet known and they are needed for many applications. The
electron-impact ionization functions for N, in the excited and the ground
states are shown in Fig. 6. The data were taken at a constant electron beam
current of 217 nA. N, gas pressure of 7.6 x 10~% mbar and laser flux of 40
mJ cm™~? each puise. Fig. 6a is the data taken by channel A that collects the
ion signals from both N, and N, Fig. 6b is the data of channel B that
collects ton signal only from N,, and Fig. 6¢c is the difference of A and B
that represents the ion signal from NJ.
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The N~ ions shown in Fig. 6b appear at about 24 eV, which agrees with
the threshold energy (24.3 eV) for the dissociative ionization of N, in the
ground state within the electron energy resolution of 0.5 eV. The laser-
enhanced N* ion intensities appear at a threshold of about 17 eV, as shown
in Figs. 6a and 6c. The signals shown at an electron energy below 17 eV are
too small to be statistically significant. The difference between the observed
thresholds of N, and N is about equal to the laser photon energy (6.4 eV)
within an experimental uncertainty of 0.7 eV. The threshold of Ny is not
precisely determined, because the laser-enhanced signal is quite weak and
the electron energy resolution is broad. Nevertheless, the observed energy
thresholds do support the assertion that the laser-enhanced ion signal is
produced by the excited species. The excitation function can be normalized
to absolute cross-section once the value at a certain electron energy is
determined.

As shown in Fig. 6c, the electron excitation function increases slowly with
electron energies smaller than 25 eV and then increases rapidly with the
higher energy, indicating that the N* ions are produced by two different
processes. The slow increase channel at low electron energies may be due to
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excitation to the N:’(C:.‘:Jc' > 3) state which predissociates into N~ - N
22.23]. The cross-section for this process will be leveled-off at high energy.
The fast increase of the excitation function is likelv to be due to direct
dissociative 1omzation channels that are available at high energy. However,
the fast increase may be partly due to the high statistical uncertainty in the
hugh electron energy region.

CONCLUDING REMARKS

N, was excited bv ArF laser photons and then impacted by electrons.
Laser-enhanced N~ ion signals start to appear at an electron energy lower
than the dissociative ionization threshold energy of N, by an amount about
equal to the laser photon energy. The laser-enhanced signals are due to
dissociative ionization of excited N in the 4°L state by electron impact.
The laser-enhanced N7~ ion signals depend linearly on laser flux. gas
pressure and electron beam current. The excitauon function for the produc-
tion of N~ from electron impact ionization of N is measured in the energy
range 17-32 eV.
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Appendix D

Low-energy electron attachment to BCl,
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of fow-energy electron attachment to BCl, diluted in N, are measurs2 as a

function of £7Nat 1-11 Td, corresponding to mean electron energies at 0.4-1.0eV Tr:
negative ions produced by hollow-cathode discharges of either pure BCl, or mixtures o BCl.
in N, are mass analyzed to identify the products of electron attachment to BCl.. Oniy €.~ 1on
1s found 1n the discharge media. although BCl, is observed at the applied voltage signim cantly
lower than the breakdown voltage. The electron attachment processes of BCliare discussed

. INTRODUCTION

Electron attachment to electronegative gases deter-
mines the electron kinettesin gas discharges: by reducing the
number and changing the energy distribution function of
electrons that sustain discharges’; by affecting the spatal
distribunion of electric field and inducing double layers un-
dercertun conditions” and by being a major source of radi-
cals through dissocrative attachment. BCl, is a gas of great
importance for plasma teehnologies in microelectronices fab-
rication. especially tor etching of aluminum.*® Therefore,
kineties i discharges of BCl and 1ts mixtures were studied
entensnely - However, apart from some indirect evi-
Jdence. the identiny of negatine 1ons in BCl, discharges were
not estublished. The swarm or beam data for electron attach-
ment to BCI. are only fragmentary. Stockdale et a/.” mea-
sured the thermal electron attachment rate constants ot
2710 “¢m /s by a daft-dwell-dnft techmque, and ob-
served the excrtation function of dissoctative electron attach-
ment by 2 beam experiment that shows a peak at 1.1eV. On
the other hand. Buchel’'nikova™ meuasured the cross section
for the same process with an absolute peak vualue of
2310 T emat 04 eV, The magnitude of the electron
attachment rate could beindirectly estimated from the mod-
eling of the discharge data of Ar-BC), nuatures.”

[t 1~ evident that the avalabibity of the data for BCl, 1s
imversely proportional to its importance. The reason for the
iack of data s that BCl, is highly reactive and consequently
Jifficult to handle for accurate measurements. In this paper
we present the electron attachment rate constants tor BCl.
Jiluted 1n N.. We also present the results for mass spectro-
metric studies of discharges of BC1, in N, The negative ions
obwerved i discharge media provide useful information for
the understanding of electron attachment processes of BCl, .

1. EXPERIMENT

An apparatus presiously used mour laboratory for elec-
tron attachment rate measurements’’ was significantly
soditiad tor this eapeniment The modified  apparatus

A [ < sbandossseel Jmber wath thiee see-

Pormaeent address bnsotuiccr Phvsies, Unversity of Belgrade, PO Boy
STb ) Belgrade: Y vgosknog

ttons: the first section (3. 0od  that o pumped by 4 me-
chamcal pump 1s for discharge. the second section 9 an,
o.d.) thatis pumped by a ditfusiey pump  Varan, VHS-61 18
for differential pumping: and the third section <4 @ o d
pumped by a turbomolecular pump (Varian Turbo V-430),
1> for the housing of a quadrupowe mass analvzer « Extrel).
The apparatus operated in two modes. In mode one. the
first and the second chambers were 1solated, and the Jdis-
charge chamber was filled toa retatnely high pressure ( 100~
A0 Torr). Thiseaperniment s sintilar to the one described in
our previous papers.  An excirmier laser (Lumonics! was
used to produce pulsed-electron swarms by irradiation of the
cathode. Conduction current induced by electrons moving
between electrodes was measured by the voitage drop across
a resistor of 1 k(2. The transient voltage wasveforms were
recorded by a digital oscilloscope (Tektronix 2430) and
stored 1n a computer. In mode two, the first and second
chambers were connected through a skimmer hole of 0 " mm
1d. In order to keep the pressure in the muassy anaiszer
chamber sufficiently low ( <10 Torr). the discharge
chamber could only be filled to | Torr. The selt-sustamed do
discharge was formed " tween two hollow electrodes of 1em
o.d. (Parullel plate goometry was also used tor some test
measurements.) The space between the two electrodes was
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FIG 1 Schematic diagram of the axperimental ippar dus




adjustable. Both positive and negative jons produced in dis-
charges were sampled and mass analyzed

For the measurement of electron attachment rates. gas
nuxtures of BCl. in N, were prepared in a separate stainless-
steel container. The container was filled first with BCl.. and
after the container walls were saturated 1t was then filled
with the buffer gas N, The volume of the connection tubing
was considerably smaller than the volume of the mixing con-
taner. The il pressure of the gas mixture was 1500 Torr,
and a tume ot 24 h was affowed for the mixing. ( Mixtures
were mixed in periods between 16 and 64 h and no differ-
ences were observed ) Commercial gas mintures were not
wsed because the manufucturers refused 1o guaruntee the
composttion of therr mintures.

Measurements were carried out in a flow system of 340
seem for 200 Torr. At the beginning of the experiment, the
pure bufer gas was allowed 1o flow. and the voltage wave-
torms mduced by luser ieradiation of the cathode were re-
corded 1 sce Ref. 11 for the more detailed desenption of the
expenmental procedure). The BCE. in N. muxture was then
added to the fow. Typically, 2-15 scem of mixture was add-
¢d that was measured and controlled by a MKS Aow con-
troller Sufficient ime was normally allowed to saturate the
walls of the tubing and the chamber before the measure-
ments commenced. Following this procedure. mixtures
could be made with the abundance of BCl, between 0.17
and 0.3 The expenimental results were reproducible if this
procedure was tollowed carefully. The reproducibility of the
BCl. gas density was the magor source of uncertainty. For
the mass analysis of the negative ions, both pure BCl, and
gas mixtures of about 0.5% BCl. in N. were used for dis-
charges. The ion density was measured as a function of dis-
<harge current and gas pressure.

The BCl. gas was supplied by Matheson with a stated
purity of 99.9¢ muumum. The gas sample was analyzed by
the mass spectrometer in this experiment. Trace amounts of
Ci, and BFCi, were observed in the mass spectrum, but the
total impurity concentration was estimated to be smaller
than 0.1

11i. RESULTS AND DISCUSSION
A. Electron attachment rate constants

At each E£/.V, the electron attachment rate constants
were measured at several BCl, concentrations for the gas
mixtures of BCl, in N.. The data extrapolated to the zero
BC!. abundance areshownin Fig. 2 for the £ /.Vin the range
W 1-11 Td (1 Td = 10~ "7 V ¢m?). corresponding to mean
clectronenergy inthe 0.4-1 eV range. Measurementsat £ /.V
lower than | Td were difficult because of low signals and the
need to use more diluted mixtures which caused poor repro-
ducibility - Nevertheless, it is evident that the trend of in-
crease towards fow £7/7V does not continue below the data
points presented in Fig. 2. The experimental uncertainty was
estimuated to be within 30 of the ghven value. The uncer-
et contans Ch geometne distribution, /N determina-

200002 wavelorn Je-

Gonend pressute measurement.
wronnation, <« 1% . (1) staustical fluctuations of the
meisured rates, < 5% -7%. eatrapolation 1o zero abun-

dance. < 57¢-10%; and (4) uncertainty in gas mixture com-
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posttion, < 10 . We huve set the overalh unceniamts 1o be
higher than the estimated value, because of the ditficuliy
inherent in handling the BCl, gas.

The strong dependence of the attachment rate constant
on E/ Nsuggeststhat the attachment bea three-body provess
with a peak at low energy . As determined by thermochenu-
cal data'” and the electron affinity ** of Cl, the threshold 1or
the dissociative attachment process of ¢ — BCl. —~BCl.

-~ Cl 7 1s about 1.0eV. This threshold 1s above the efectron
energy range studied w this expeniment. Therefore, BCL 1\
the only ton possibly produced at low-energy electron ac-
tachment (BCI. was in fact observed in the low-pressure
experiment described in the next section. ) This result s con-
sistent with the conclusion of Gottscho and Gaebe” who at-
tribute BCl. as the dominant negutive 1ons observed in the
RF discharge of pure BCY.. Nevertheless, our measured at-
tachment rate constants are not significancly depeadent on
gas pressures tn 100—400 Torr: thats. the attachment s lihe
a two-body process. Our observation is, 1 fuct. consistent
with the earlier observation” that the thermal electron at-
tachment rate constant was not dependent on the gas pres-
suresat 5~13 Torr. The negative ions i these measurements
were not mass analyzed. because the gas pressures were very
high.

We have also performed mease. ements for the BCl. -Ar
mixtures. Unfortunately, the results were not as reproduc-
ible as the data for N.. The basic difficulty was that the
extrapolation to zero BCl, abundances could not be easily
performed because the meuasurements could not be extended
1o sufficiently low abundances, because the influence of the
attaching gas on the electron drift velocity m Arwas large in
the most interesting range. However. the crude experimental
results indicate that the attachment rate constants increase
in the mean electron energy runge of | 5-2 SeV

The electron attachment rate constants converted from
the cross sections of Buchel mkova™ are shown i Frg 2 for
comparison. The calculation method was descnibed wapre-
vious paper by Petrovic and co-workers. ' Our results agree
with the calculated values in the order of magmitude. but the




E /N dependencesdifferent. The agreement isonly acciden-
tal because the attachment mechanism s quite different; that
15. these results cannot be regarded as in agreement. How-
ever. our measurements at low £/.V agree with the thermal
electron attachment rate constant measured by Stockdale ¢t
al” as shown in Fig. 2.

The measured attachment rate constants are too large to
he atfected by the possible impurities, suchas Cl, . The impu-
nty level of Cl. was determined ta be less than 0.1 that will
contribute to the electron attachment rate constant at most
210 Scm  somcensidering that the maximum rate con-
stant of Clooisoniy 2210 "em s at 0.06 eV.'* The other
possible impurnty, BECL . may have clectron attachment
rate constant similar to BCH so that the small impuriy level
Joes not cause a sigmiticant etfect. Some molecules such as
SE. and CCl_ could cause a stmilar attachment coefficient 1f
thev present on 177 level. We have carefully scanned the
mass spectrum up to the mass number of 190, but such im-
purities were not detected.

B. Negative ions in discharges of BCl,

The negause 1ons produced by discharges were ob-
served for i @ product analysiv of clectron attachment to
BCH . Lminad :udies of negative wons presented in discharges
were carrted out n a parallel plane geometry with either
pure BCl. or:its minture with N . Later. most measurements
were pertornied with hollow -calhode discharges using difut-
ed mintures (0.3 BCl in Ny Inall cases, only Clons
were found asshownin Fig. 3 .1) Indc discharges. the mean
electron energy may be too high (o enable the production of
BCl. . in contrast to the bulk of rf plasmas'* where thermal
energy electrons exist tor the productioa® of BCl, . When
the applied voltage was lowered below breakdown voltage
ctor mstanee. 120 V) and photoelectrons were produced by
irradiation of the cathode with ArF laser photons. BCT,
ons were observed 1n the gas mixture of truce BCY, 10 0.66-
Tore N This observation indicates that BClL, can be pro-
duced by attachment of low-energy electrons to BCl, and
survise tor a sufficiently long time such that it can be detect-
ed either by our mass analy zer or to affect the current wave-
torm. One should. however. keep in mind that for such con-
ditions the BCH signal would be very small (as observed by
us that 15 about 109 ot C! 7). because the mean electron
energy 1s 5o high that it favors the dissociative attachment,

The Cl 10n intensity was measured as a function of the
discharge current and the pressure. The wn mtensity has a
peak between 2 and 3 mA of discharge current as shown in
Fig. 3(b). where the electrode space was fixed at 2 cm, the
gas pressure was 0.6 Torr, and the discharge current was
varied by adjusting the apphed voltage (784 V at the maxi-
mum Cl mtenwity). For a tixed discharge current of 2 mA,
the 1on intensity had a rather sharp maximum at 300 mTorr
as shiown i Fig. 3(¢), where the electron space was 2 cm,
and the applied voltage was 784 V.

The observed C1oons are produced by the electron
dissocitive attachment process that has a sharp peak at the
cnergy of about T eV oas observed by Stockdilde er ol This
basic resultimphies that in our measurements, the mean etec-
tron energies are varied along with the changes of discharge
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current and gas pressure. and the manvimum Cl 1onintens-
ty corresponds to the mean electron energy 1 a discharge
medium of about | ¢V. The phenomena could be described
by the electron energy distnibution function which 1s, how-
ever. quite complicated for the hollow-cathode discharges.
In general, there are two groups of electrons ™ 1n a discharge
medium: one group consists of the imittal electrons that are
accelerated in inhomogeneous but very high efectric fieid
and practically have a beamlike behavior,' and the second
group consists of inclastically scattered and secondary elec-
trons which have low energies. Relative magnitudes of the
two groups are strongly dependent on the discharge condt-
tions. Monte Carlo simulanions™ ™ 7 indicate that at these
pressares the mital electrons are the domunant group A
sharp peak i the pressure dependence probably mdicutes
the shape of the dissociative cross section, wthough the cor-
respondence between the mean electron energy and the £ -3




v

value cor the av.ailable energy tor run-away electrons) in the
discharge could be very nonlinear. Current dependence of
the 10n intensity 1~ less sharp: but since the current-voltage
dependence 1s not linear, it 1s not inconsistent with the pro-
posed picture. However, the low ion signals at high currents
may also be possibly due to the influence of space-charge
force among electrons, and negative and positive tons in the
bulk of discharge.

In order 1o establish that negative 1ons are originated
from the discharge. but not by electron impact on BCl, n
the transition region to the mass analyzer, we have per-
formed the tollowing experiment.”” Excimer laser hight was
used torrradiate the regron between the electrodes. As acon-
sequence. the negatnve 1on cignal was significantly reduced.
The delay between the laser ight pulse and the reduction of
the nezative 1on s1znal was of the order of tens of microse-
conds. The effect depends on the laser beam position
between the electrodes. ( The detailed results will be present-
ed 1n a later publication.) The decrease of negative 1ons fol-
lowing laser irradiation demonstrates that the observed neg-
attve 1ons were produced 1n the discharge media. but not in
the transition region. because the ton signal did not increase
by the Luser photoclectrons.

IV. CONCLUDING REMARKS

Theelectron-attachment rate constants increase toward
the low £ /N mdicating that theattachmentisduetoa three-
body process. This 15 consistent with the observauons of
photodetachment thresholds that BCl. s the dominant
negatne ion in rf discharges.” However, the measured at-
tachment rate constant is not significantly dependent on the
buffer gas pressure, suggesting that the attachment is appar-
ently like a two-body process. This observation is in agree-
ment with a previous observation” that the thermal electron
attachment rate constant is not dependent on total gas pres-
sure. At high pressures it is possible that the mean time
between colhisions is sufficiently shorter than the autode-
tachment tme: thus. practically every excited negative ron 1s
stabilized i the first step of attachment. At much lower
pressures this might not be the case, and even more so in the
low pressure region of the mass analyzer; for these cases, the
BCI. 1ons could be lost due to autodetachment. However,
the BCl. ion was observed by altac&;n;pt of low energy
electrons to BCl, . although the BCls,\J signal was much
smaller than Cl ~. s

It is worth noting that Stockdale et al.” observed a peak
attachment for the two-body process of ¢ + BCl, — BCl,

~ Cl~™ at 1.1 eV, while at the same time they observed a
relatively high thermal electron attachment rate constant.
This observation is consistent with the assertion that the
electron attuchment is due to the three-body process at low
energy.and Cl s produced by the two-body process at high
electron energy. Our results are also consistent with this as-
sertion that the electron attachment rate constants shown
Fiz 2 are mannly due to the three-body process. and the Cl

rens obsconved m discharges are due to the two-body process

The unpublished results of Olthoff™" confirm the ews-
tence of BCl, 1ons. This author has also observed that at-
tachment for BCl, molecules peaks close to zero energy
{both in the intensity of negative 1on current and through the
broadening of the zero energy peak of the electron transmis-
sion spectrum- ). The level of impurtties in his experiment 1s
uncertain. From some theoretical considerations and the
characteristics of his apparatus. the lifetime of the metasta-
ble BC!. 1on was estimated to be 60 us which 1s consistent
with our data.
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Appendix E

TRANSIENT SIGNALS INDUCED BY LASER IRRADIATION OF NEGATIVE IONS
IN HOLLOW ELECTRODE DISCHARGES OF Cl2 AND HCL IN Nz
J. C. Han, Masako Suto and L. C. Lee
Molecular Engineering Laboratory
Department of Electrical & Computer Engineering
San Diego State University
San Diego. California 92182
and
Z. Lj. Petrovic
Institute of Physics
University of Belgrade

P.0. Box 57
11001 Belgrade. Yugoslavia

Abstract

A technique for sampling negative ions in hollow-cathode and hollow-
anode discharges of strongly electronegative gases is presented. The

negative ions were mass-analyzed to be C1 , Cl, and Cl3- for the ClZ/Nz

2
mixture and Cl1 for HCl/NZ. The dependence of negative ion intensity on gas
pressure and discharge voltage was investigated. Photodetachment of nega-
tive ions was used to induce photoelectron transient signals that probe the
ion concentrations. The transient signal indicates that the negative ions
are original from the discharge, but not produced in the mass analyzer
region by high energy electrons. Time dependence of the negative ion signal
was measured by a quadrupole mass analyzer and used to study the kinetics of
charged particles responsible for the transport of the laser-induced per-

turbation. The observed negative ion transient signal could be a useful

means for studying the negative ion kinetics in plasma.
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e I. Introduction

A .-

The - § negative ions and electrons in the kinetics of gaseous

discharges a}; not well understood, even though they are important in
determining discharge characteristics. Discharges of electronegative gases
are so often used in plasma technological application52 (for example,
etching of electronics materials). because they can efficientlv produce
desirable radicals. Substitution of electrons by negative ions can lead to
reduced sheath fields3. formation of double layersa. and significant changes
in the spatial distribution of chemical species and consequently chemical

reactions5 Negative ions can be the primary agents in some desirable
effects such as etching7, certain ion-molecule reactions, and modification
of the I-V characteristic, while they can cause non-desirable effects such
as dust formation in the silane dischargese. The information of negative
ions in gaseous discharges could be useful for the gaseous dielectrics and

switching applicationsg'lo.

11

There. photodetachment can be used to trigger
fast switching modes™ ", while the energy dependence of the attachment
coefficient can be used to create or enhance the negative differential
conductivity necessary for the operation of fast opening diffuse discharge
switchesg'lz.

Photodetachment spectroscopy has been used13 for the detection of
negative ions, but the results are difficult to interpret without mass
analysis. Sampling of negative ions from the discharges is almost impossi-
ble because of the sheath potential which is formed to contain much mobile
and energetic electrons (few eV) in the plasma, and consequently negative
ions with their mean energy of the order of 100 meV cannot escape from them.

In the studies of the negative ion composition of the ionosphere, special

techniques that include large surface sampling plates have been usedla. It
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has been recently applied15 to study negative ion kinetics by pulsing
discharges, because electrons are dispersed much faster than the negative
ions in the afterglow so that the negative ion signal can be enhanced.

For an extraction of H ions from volume sources, magnetic field is applied
to separate the plasma into two parts: one having a large density of
electrons and the other dominated by negative ions that can be sampled
efficientlyls. Another technique is to operate the discharge under condi-
tions where negative ions are the dominant charge species, and consequently
the sheath fields are reduced. Sheehan and Rynn17 showed +hat efficient
negative ion sources can be made by reducing the electron density to below
5% of the ions density.

In this paper we present our experimental studies of the negative ion
kinetics in hollow electrode discharges with and without perturbation by the
excimer laser. Attempts are made to develop techmique which will provide a
useful means for determining both the identity and the spatial dependence of
the number density of negative ionms.

II. Experimental

The apparatus has been described in a previous paper18 and is repeated-
ly shown in Fig. la. In brief, the apparatus is a stainless steel chamber
with three sections: the first section (5" OD) that is pumped by a mechan-
ical pump and a sorption pump is for the discharge, the second section (6"
OD) that is pumped by a diffusion pump (Varian, VHS-6) is for differential
punping, and the third section (4" OD), pumped by a turbomolecular pump
(Varian Turbo V-450), is for the housing of a quadrupole mass analyzer
(Extrel).

Ions are sampled through a skimmer hole of 0.7 mm ID. In order to keep

the pressure in the mass analyzer chamber sufficiently low (< 10'7 Torr),
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the discharge chamber could only be filled to 1 Torr. The self-sustained DC
discharge was formed between two hollow electrodes of 1.25 cm OD as shown in
Fig. lb. The space between the two electrodes was adjustable but normally
kept at 16 mm. Both positive and negative ions produced in discharges were
sampled and mass analyzed.

In order to maintain the desired mixture composition, measurements were
carried out in a flow system (usually 21 sccms for the buffer gas). Mixture
was made by accurately controlling two flow meters, one for the buffer gas
(NZ) and one for the attaching gas. Sufficient time was normally allowed to
saturate the walls of the tubing and the chamber before the measurements

commenced. The certified gas mixtures of 1.98% Cl. in He and 4.72 HCl in He

2
were supplied by Matheson, and they were used without further purification.
In each measurement, the system was filled with the gas mixture to a desired
pressure, and the gas flow was maintained. Discharge was established
between the two electrodes. The negative ion count was recorded as a
function of gas pressure and applied voltage.

Excimer laser beam was later used to irradiate the discharge medium.
As the range of an optimum condition for the production of negative ions is
rather narrow, the applied voltage, pressure, and current were adjusted to
obtain the maximum signal in the laser irradiation experiment. The sizes of
the excimer laser beams were 20 mm x 6 mm and the laser powers were about
180 mj/pulse for the KrF laser and 150 mj/pulse for the ArF laser. Before
entering the plasma region the laser beam was limited by a slit that could
vary to less than 1 mm, and the laser beam in the plasma region was expanded
to normally about 3 mm x 8 mm. The position of the laser beam could be

moved along the axis of the discharge. Time dependence of the negative ion

count was recorded following the laser pulse.
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ITI. Results and Discussion

A. Negative Ions in Discharges
a. 012/N2 Mixture

We first present the results for the dependence of the negative ion
signals on the Clz pressure and the applied voltage. When a Clz/ﬁz mixture
(usually 2-4 aTorr Cl2 in about 500 mTorr NZ) was discharged, negative ions
were observed for a narrow range of experimental parameters, for which the
mass spectrum is shown in Fig. 2a, where Cl . Clz', and C13' were observed.
The Cl signal is much larger than those of the other two ions. The depend-
ency of the three negative ion signals on the applied voltage for a fixed
mixture of 2.8 mTorr Cl2 in 500 aTorr N2 are shown in Fig. 3. “hile all the
three ions show similar voltage dependence, the Cl™ signal is alwavs larger
than the other two ions. The dependence shows a narrow feature in the
470-500 V range and a broad feature in 500-580 V. The ion signal is very
sensitive to the Cl, pressure, thus, the data shown in Fig. 3 are only an

2

example. The dependencies of the Cl~, Clz' and C13° ion signals on the gas
pressure are shown in Fig. 4. Each ion appears in only a narrow pressure
range. Cl and 013' have a similar pressure dependence, but Clz' is quite
different, indicating that they are produced by distinct processes.
b. HGI/N2 Mixture

When HCl was used as an electronegative gas (somewhat larger percentage
than that of Cl2 was used), only C1~ ion was detected as shown in Fig. 2b.
Voltage dependence shows only one peak as shown in Fig. 5a, and the pressure
dependence 1s also a single peak as shown in Fig. 5b. That is, the negative
ions, again, only occur in narrow ranges of voltage and pressure. The
general features of both C12 and HCl are similar to those of BCl, which were

3
18
presented previously .
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c. Discussion

The general features of the dependencies of the negative ion signals on
pressure and voltage are similar for all the three gas mixtures of ClZ' HC1
and BCl3 in NZ. The negative ions occur only in narrow ranges of experi-
mental parameters that were discussed by Pecrovié et al.lg and Han et al.lg
The reason for this phenomenon is that each negative ion is generally
produced only in a narrow electron energy range which occurs only in some
specific experimental conditions.

The observation that the negative ions can be sampled from discharges
requires a discussion. Normally this sampling is inhibited by the anode
sheath potential which is self adjusted to balance the losses of much more
mobile electronszo. However, there are several factors which determine the
magnitude of the anode fall. Most importantly, when negative ion densities
are much larger than electron density or n_/ne> pe/(p_ + u+). where n
denotes the density and p mobility with appropriate subscripts +, -, and e
for positive ion, negative ion, and electron, then the electric field is
determined by the characteristic energies of ions onlyzl. In practice, this
condition does not have to be strictly satisfied in order to get appreciable
negative ion flux to the anode17. but the density of electrons should be
well below 5% of n_. For chlorine containing plasmas this condition can be
expectedzz. The dependence of the anode fall on current and bulk potential
is complicated even without the presence of negative ion523. When the bulk
potential is high (which is a characteristic of the discharges with electro-

23

negative gases), the anode fall is reduced™” while the mean energy of

negative ions may be increased.
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Sa.pltuﬁct pegative ions may be facilitated by the geometry of the
anode and tfponibility that extraction field may enter the discharge
region near the sampling hole. All the above factors and the basic dis-
charge parameters (pressure, voltage and current) basically affect the
balance between the forces acting on ions due to electric filed and gas
flowza. The relationship is complicated, and in order to take into account
the possible geometric effects a two dimensional self-consistent model would
be required to describe the observations reported in this paper. Having in
mind the present state of the theory of gas discharges25 such a model would
be costly, and its development would require time, but it is not bevond
reach. Nevertheless, the hollow anode geometry may help the sampling by
creation of a strongly inhomogeneous sheath field in the region where the
force field due to gas flow is maximum. Thus., the low energyv ions can reach
the region where the gas flow will affect their motion before being subject-
ed to the repulsive force of the anode sheath. Though very difficult.
sampling of negative ions is therefore not impossible. In the next section
we will show that the negative ions collected by the mass analyzer were not
produced by the impact of molecules by energetical electrons in the vacuum
region behind the skimmer hole.

For a detailed understanding of the voltage and pressure dependency of
the negative ion signals, apart from the above mentioned factors one should
also take into account: (i) the voltage-current characteristics of the
hollow electrode discharge, (ii) the energy dependence of the dissociative
attachment cross section26 convoluted with the energy distribution function
for electrons which may have a non-equilibrium beam componenc27, and (iii)
the kinetics of negative ion formation and 1oss28. Such consideration is

beyond the scope of this paper.
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If the onset (or the maximum) of the negative ion peak is relsted to

the threshold of the attachment process, then the onset26’29 in C1, would be

2
lower than in HC130. This is not observed in the experiment (Figs. 3a and

5a). In fact. the discharge voltage corresponding to the maximum of the

signal is somewhat lower for HCl than for Cl Therefore, it appears that

5
in the Cl2 and HCl discharges the mean energies and the over all electron
kinetics are quite different.

Two peaks are observed in the negative ion signal versus voltage

dependence for C12 containing discharge (Fig. 3), and the relative magnitude

3

second peak is more probably resulted from the discharge characteristics and

of the second peak is higher for the Cl, ion than the other two ions. The

the balance of the sheath potential with the force due to gas dymamics

rather than an indication of the second peak in the dissociative attachment

26,29

cross section The formation kinetics of the Cil. and C13- ions in a

2
drift tube was discussed in an earlier paper by Lee et a1.28 Although the

electron kinetics in the drift tube are quite different from those in
discharge plasma, the relative abundance of the Clz' and 613- ions compared

to Cl1 are similar in both cases. Cl 1is produced by dissociative electron

attachment to Clz, and Cl, 1is likely due to the recombination of Cl with

3
Clz, but Clz' may be a result of three-body electron attachment to C12'
This proposed production mechanism explains that the pressure dependences of
Cl  and C13' are similar, but they are different from Clz' as shown in Fig. 4.
As expected, only the Cl ion is observed for the discharge of HCl/NZ.
The pressure and voltage dependencies of the ion signals are relatively
sharply peaked, probably representing the projection of the dissociative

attachment cross section into the characteristics of discharges. However, it

is also possible that the mean electron energy increases at high voltage due
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to input from the beam component of the hollow cathode part. Ionization then
becomes more efficient, and the percentage of electrons increases thus
reducing the efficiency of sampling at high voltage. (This is supported by
the fact that we observe a large current increase in the voltage range
covered bv these measurements.) Therefore, the observed signal versus
pressure/voltage dependence. which basically represents the shape of the
dissociative attachment cross section convoluted by the electron energy
distribution function, mav not have the same proportionalityv for different
attaching gases and discharge conditions.
B. Laser modulation of the negative ion signal

As described in the Experimental Section, KrF or ArF laser light was
used to irradiate the discharge volume between the hollow electrodes (Fig.
1b). The original motivation for such experiment was to give a proof that
the negative ions are not a result of electron excitation processes occurring
after the skimmer hole. The fact that there is a strong modulation of the
negative ion signal (up to 100%) by the laser light indicates that the
negative ions indeed origimate from the discharge (though some of them may be
lost or converted in the mass analyzer region), but not produced after the
sampling hole. Our measurements in turn gave indication that the modulation
of the negative ion signal by laser pulse could be used as a diagnostic tool
to identify the ilon species and to measure the negative ion density.
a. Laser-Induced Transient Signals: General Features

When a discharge medium that contained a C12/N2 gas mixture was irradi-
ated by laser pulses, the Cl ion signal gave a transient waveform as shown
in Fig. 6a for ArF laser and Fig. 6b for KrF laser. Without the laser
irradiation, the signal was in a DC level as shown by the dashed lines in

Fig. 6. The general features for the transient signals are commonly observed
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for different experimental conditions (discharge current, applied voltage,
gas pressure, ClZ/NZ or HCl/N2 mixture), although the amplitudes and the
shapes of the transient signals vary with experimental parameters. The
wavelength of the laser light also has a profound effect on the shape of the
pulse. “hen ArF (193 nm) laser was used, the features of the negative ion
transient signals were more pronounced than those for the KrF (248 nm) laser,
especially the depth of the third peak.

Each transient signal has three distinct features: The first peak
(denoted as 1 in Fig. 6a) occurs on a very short time scale (in the order of
the electron transit time) following the laser pulse. It is usuallv largest
in magnitude and always corresponds to a decrease of the negative ion signal.
The second peak (2) is an increase of the signal which lasts up to a few
hundred us. The third peak (3) is greatly affected by the experimental
conditions, for which the amplitude is generally larger for the ArF laser
than the KrF laser.

The first peak cannot be explained as a depletion of the negative ions
due to laser-induced photodetachment because it is too fast for the ionic
motion to take place. We believe that this feature is related to fast moving
electrons which were produced by photodetachment of negative ions. Those
electrons can affect the ion signal when they reach the orifice by two
possible mechanisms. One is the electron-induced collisional electron
detachment, and the other is by increasing the anode sheath potential because
of their high mobility. On their way to the anode the electrons get accele-
rated by the small electric field of the bulk and the high electric field of
the hollow anode region. These energetic electrons will produce additional
electrons by ionization. The secondary electrons and the initial low energy

electrons can attach to C12 or HCl to form Cl that results the second peak.

(010890) 10




The produced negative ions drift along the field, and when the effect due to
photodetached electrons is dispersed, there is an increase of ion signal in
addition to the DC level that is normally detected. The fact that the second
peak has a sharp increase closer to the time of the laser pulse indicates
that the ionization by photodetached electrons is not homcgeneous but occurs
more closely to the anode when electrons gained sufficient energy. Finally,
the third peak which occurs on the ion diffusion time scale represents the
arrival of the negative ion density depleted by laser photodetachment. Apart
from the peak value, the pulse duration gives an indication of time scale
that represents important information on electron reaction kinetics and ion
diffusion. A further study of this subject is of interest.

The shape of the transient signal is not affected by the possible
ringing of the electrical circuit. because the noise duration generated by
laser discharge system was only about 10 ns that is much shorter than the
transient pulse duration (few hundred us). The transient signal disappeared
when the laser light was blocked. The magnitude of the transient signal
depends on the laser intensity; thus., the signal is related to laser-plasma
interaction, but not due to electrical noise. It has been demonstrated that
the dynamics of the discharge current could be affected by the laser pulse,
and the laser-induced pulses are often used to obtain information on the
kinetics of gas discharge531
b. Dependencies of Transient Signals on Laser Position and Power and

Discharge Voltage

The amplitudes of all three maxima increase linearly with laser power as
shown in Fig. 7. Such measurements were performed in a wide range of experi-
mental parameters, and in all cases the dependence on laser intensity was

linear. This proportionality gives correlation between the transient nega-
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tive ion signals and the photodetached electrons. This linearity can be in
X
turn used tl‘iiilnro the density of negative ions.

The dof;Adonce of the increased Cl~ signal (the second peak) on the
laser position in the plasma region is shown in Fig. 8, where the distance is
measured from the cathode. For laser light close to the cathode., the effects
of laser irradiation are negligible. At the middle of the discharge region
there is a plateau, and then the effect suddenly increases when the laser
light closes to the anode. The halfwidths of the increase Cl~ signals are
also plotted as a function of laser position. The halfwidth is not zritical-
ly dependent on the position as the magnitude. The position dependence is
generally observed for a wide range of experimental conditions.

We have investigated the dependence of the amplitudes of the first two
pulses as a function of the applied voltage in the range of voltages where we
:could get sufficiently good negative ion signal. The height of the first
pulse changes insignificantly, while the height of the second pulse rises
linearly with the voltage as shown in Fig. 9a. and the pulse duration drops
with the increase of the applied voltage as shown in Fig. 9b. One should
bear in mind that the current (at a fixed pressure) increases by a factor of
two in the covered voltage range. When laser irradiation is fixed at the
halfway between the electrodes and the chlorine abundance is changed, the
height and the width of the first peak are not significantly affected, but
the height of the second peak is reduced and the width increased with the
increasing abundance of the attaching gas.

c. Discussion

The height of the first peak of the transient signal can be related to

the density of negative ions at the point of laser irradiation. Either of

the two proposed mechanisms for the ion decrease would give the proportion-
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ality through it may not be linear. If electron-induced detachment causes
the reduction of the negative ion signal, its reduction magnitude can be
estimated from the probability that the flux of the detected negative ions
(I) will be reduced by detachment by AIl:

Al No (n I o av)
e eod - PH PD

I AA AA

where AA is the cross-sectional area of the skimmer hole (~10'2 cmz), Ne is
the total number of photoelectrons, I is the electron-induced detachment
cross section, IPﬂ is the number of laser photons per pulse per cm? (1017

cm %y, 0 is the photodetachment cross section (10 ca®), AV is the
interaction volume of the laser and discharge (~0.2 cm’). Assuming that 9.4
is 10™*° cn’ and that n_is 10 cm'® cn™, one obtains AI/I ~ 20%. This
value is in the range of experimental values.

If the decrease of negative ion signal is caused by an increase of the
anode sheath due to the presence of electroms, the effects are more difficult
to estimate and a full model should be developed. However, this mechanism
seems to be able to easier explain 100X depletion observed in some cases.

As for the features of other two peaks, the proposed mechanism appears
to be generally consistent with observations. The sudden increase of the
second peak in the vicinity of the anode (Fig. 8) could possibly be explained
by photoemission of electrons from the surface of the anode, but in the given
picture the laser light for the last point is well far way from the anode so
that the laser light may not irradiate on the anode. Also, the electrons
possibly produced by laser irradiation on the anode are outside the sampling
region so that the possible negative ions are not detected. We have deliber-

ately let the laser irradiate on the anode, no signals are detected. There-

fore, it is more probable that the increase is the result of the locally
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reduced mean electron energy resulting in an increased attachment, and/or
more negative ions near the anode that produce more photoelectrons.
IV. Concluding Remarks

The results in this paper prove possible to detect the negative ions
originating from glow discharges between hollow electrodes. The negative
ions present in the discharges of Cl2 or HCLl in NZ are produced only in
narrow optimum ranges of gas pressures and discharge voltages. This is
caused by the reason that each negative ion is produced only in a narrow

range of electron energyl8,26,29

, which occurs only in a specific experi-
mental condition.

In the second part of the paper we present the study of the transient
signals caused by laser-induced photodetachment of negative ions. Three
features are observed in the transient signals at the time scales of electron
transit, ion drift, and ion diffusion. The first peak is a result of either
electron-induced detachment or regeneration of the anode sheath by electron
pulse. The other two are results of increased electron attachment and
depletion of the negative ion density photodetached by the laser.

The technique presented in this paper could be used for determining the
negative ion density in gas discharges. In order to accomplish this goal,
further experimental studies and a detailed self-consistent theoretical
description are required. This study will be extended in the future.

Aclnowledgement

The authors are grateful to Dr. A. V. Phelps for some helpful comments

and useful references. This papers is based on the work supported by the

SDIO/IST managed by ONR under Grant No. N00O14-86-K-0558.

(010890) 14




10.

References
J.W. Gallagher, E.C. Beaty, J. Dutton and L.C. Pitchford, J. Phys. Chem.
Ref. Data, 12,109 (1983): L.G. Christophorou, "Atomic and Molecular
Radiation Physics,"” (Wilev Interscience, London 1971): L.G. Christ-
ophorou. Contrib. Plasma Phvs. 27. 237 (1987).
R. d'Agostino, F. Cramarassa, F. Fracassi, F. Illuzzi and M.N. Armenise,
J. Vac. Sci. Technol. B 6, 1584 (1988); D.S. Fischi and D.w. Hess. J.
Vac. Sci. Technol. B 6. 1577 (1988); S.S. Cooperman, H.K. Choi, H.H.
Sawin and D.F. Kolesar, J. Vac. Sci. Technol. B 7, 41 (15989).
J.B. Thompson, Proc. Phys. Soc. 73, 818 (1939).
R.A. Gottscho, Phys. Rev.. A 36, 2233 (1987).
S. Radovanov, B. Tomcik, Z. Petrovié and B.M. Jelenkovié. J. Appl. Phyvs.
(1989); B. Bletzinger and C.A. DeJoseph Jr., IEEE Trans. Plasma Sci.
PS-14, 124 (1986).
Greenberg and Hargis, 89th Prac. Gaseous Electronics Conference, Palo
Alto, California (1989).
K.J. Barlow, A. Kiermasz, W. Eccleston and J.L. Moruzzi, Appl. Phys.
Lett. 53, 57 (1988); T.R. Verhey, J.J. Rocca and P.K. Boyer, J. Appl.
Phys. 63, 2463 (1988).
G.S. Selwyn, J. Singh and R.S. Bennett. J.Vac. Sci. Technol A7, 2758
(1989); A. Garscadden in "Non Equilibrium processes in partially
ionized gases," (NATO ASI series, editors, M. Capitelli and J.M. Bard).
L.G. Christophorou, S.R. Hunter, J.G. Carter and R.A. Mathis, Appl.
Phys. Lett. 41, 147 (1982).
G. Schaefer and K.H. Schoenbach IEEE Trans. Plasma Sci PS§-14, 561

(1986), G. Schaefer, P.F. Williams, K.H. Schocnbach and J.T. Moseley

(010800) 15




11.

12.

13.

14.

16.

17.

18.

19,

20.

21.

22.

IEEE Trans. Plasma Sci. PS-11, 263: T. Sasagawa, A. Kawahara and

M. Obara, IEEE Trans. Plasma Sci. PS-17. 1 (1989).

W.C. Wang and L.C. Lee, Trans. Plasma Sci. PS-15., 460 (1987): W.C. Wang
and L.C. Lee, J. Phys. D 21, 675 (1988).

“.H. Long Jr., W.F. Bailey and A. Garscadden. Phvs. Rev. A 13, 471
(1976): Z.Lj. Petrovié, R.W. Crompton and G.N. Haddad, Aust. J. Phyvs.
37. 23 (1984).

R.A. Gottscho and C.E. Gaebe, IEEE Trans. Plasma Sci., PS-14, 392 (13986):
see also: P. Devynck, J. Auvrav, M. Bacal. P. Belmont. J. Brutenau, R.
Lerov and R.A. Stern, Rev. Sci. Instrum. 60, 2873 (1989).

R.J. Cicerone and S.A. Bowhill, Radio Science 4, 5361 (1969); R.S.
Narcisi, A.D. Bailey, L. Della Lucca, C. Sherman and D.X. Thomas, J.
Athmos. Terr. Phys. 33, 1147 (1971); A.A. Viggiano and F. Arnold, Planet
Space Sci. 29, 895 (1981).

L.J. Overzet, J.H. Beberman and J.T. Verdeyen., J. Appl. Phys. 66, 1622
(1989).

M.Bacal, J.Brutenau, P.Devynck, Rev. Sci. Instrum. 59, 2151 (1988).

D.P. Sheehan and N. Rynn, Rev. Sci. Instrum. 59, 1369 (1988).

Z.Lj. Petrovié, W.C. Wang, J.C. Han, M. Suto and L.C. Lee, J. Appl. Phvs.
in press (1990).

L.C. Lee, J.C. Han and M. Suto, Proc. Sixth International Swarm Seminar
(Glen Cove 1989), pll.

B. Chapman, "Glow Discharge Processes" (Wiley Interscience, New York
1980).

G.L. Rogoff, J. Phys. D 18, 1533 (1985).

G.L. Rogoff, J.M. Kramer and R.B. Piejak, IEEE Trans. Plasma Sci. PS-1l4,

103 (1986).

(010890) 16




23.

24,

25.

26.

27.

28.

29.

30.

31.

V.A. Shnd,prt, Sov. J. Plasma Phys. 14, 801 (1988).

G.N. &s and B.E. Evans, Proc. Tenth Symposium (International) on
Conhut-im I1-7-12; R.B. Tombers and L.M. Chanin, J. Appl. Phvs. 43,
2465 (1972); H.Helm, Beitr. Plasmaphys. 18. 147 (1978).

J.P. Boeuf, Phys. Rev. A 36, 2782 (1987); D.B. Graves and K.F. Jensen,
IEEE Trans. Plasma Sci. PS-14, 78 (1986); A.D. Richards, B.E. Thompson
and H.H. Sawin Appl. Phys. Lett. 50, 492 (1987): 4.S. Barnes. T.J.
Colter and M.E. Elta, J.Appl. Phys. 61, 81 (1987); V.V. Boiko, Yu. A.
Mankevich, A.T. Rakhimov, N.V. Suetin, V.A. Feoktistov and S.S. Filipaov,
Sov. J. Plasma Phys. 15, 126 (1989).

M.V. Kurepa and D.S. Belic, J. Phys. B 11 3719 (1978).

S. Hashiguchi and M. Hasikuni. Jpn. J. Appl. Phys. 26, 271 (1987); ibid.
27, 1010 (1988): ibid. 27, 2007 (1988); ibid 28. 699 (1989).

L.C.Lee, G.P. Smith, J.T. Moseley, P.C.Cosby and J.A.Guest, J. Chem.
Phys. 70, 3237 (1979); M.S. Huq, D. Scott, N.R. White, R.L. Champion and
L.D. Doverspike, J.Chem. Phys. 80, 3651 (1984).

D.L. McCorkle. A.A. Christodoulides and L.G. Christophorou, Chem. Phys.
Lett. 109, 276 (1984).

Z.Lj. Petrovié, W.C. Wang, and L.C. Lee, J. Appl. Phys. 64, 1625

(1988),

A. Mitchell, G.R. Scheller, R.A. Gottscho and D.B. Graves, Phvs. Rev. A
40, 5199; H. Debontride, J. Derouard, P. Edel, R. Romestain, N. Sadeghi
and J.P. Boeuf, Phys. Rev. 40, 5208 (1989); G.S. Selwyn, B.D. Ai and J.
Singh, Appl. Phys. Lett 52, 1953 (1988); S.W. Downey, A. Mitchell and

R.A. Gottscho, J. Appl. Phys. 63, 5280 (1988).

(010890) 17




Fig. 1.
Fig. 2.
Fig. 3.
Fig. 4.
Fig. 5.
Fig. 6.
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Figure Captiomns
(a) Schematic diagram of the experimental apparatus. (b) Geo-
metrical dimensions of the electrodes and the laser beam.
(a) Mass spectrum for negative ions the discharge of the Clz/N2
mixture. (b) same but for HCl attaching gas.
Dependence of the observed negative ion signal on the discharge
voltage for (a) Cl~, (b) Clz_, and (c) Cl, ions. The gas pressures

3

were 2.8 mTorr Cl2 in 494 aTorr Nz.

Dependence of the observed negative ion signal on the gas pressure

for (a) C1™, (b) C13'. and (c) Cl2 ions. The Cl2 pressure was

fixed at 2.8 mTorr, but N2 variei. The applied voltage was fixed
at 483 V. At 550 mTorr. the discharge current was about 3 mA.
Dependence of the measured C1 signal from the discharge of the
HCl/N2 mixture as a function of (a) applied voltage ([HCl] = 11
mTorr and [Nz] = 712 aTorr) and (b) gas pressure (V = 440 V; [HCl]
= 11 aTorr).

The general shapes of the negative ion transient signals produced
from photodetachment of C1 by (a) ArF and (b) KrF laser photons.
There are three distinct features: (1) a depletion on electron
transit time scale, (2) an increase on ion drift time scale, and
(3) a depletion on ion diffusion time scale. The applied voltage
was 580 V. For ArF laser, the gas pressures were 3.3 mTorr Cl2 in
717 aTorr NZ' the gap between the electrodes was 1.8 cm, and the
discharge current was 3 mA. For KrF laser, the gas pressures were
3.3 aTorr Cl2 in 817 mTorr NZ’ the gap between the electrodes was

1.4 mm, and the discharge current was 2 mA.
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Fig. 7.
Fig. 8.
Fig. 9.
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The dependence of the heights of the the three features in the
transient signals on the ArF laser power. The 1, 2, and 3 re-
present the three peaks as shown in Fig. 6a. The data were taken
under an experimental condition similar to those in Fig. 6a.

The maximum value (circle) and the halfwidth (triangle) of the
second peak in the transient signal of Cl™ as a function of the ArF
laser irradiation position between the electrodes. The distance
was measured from the cathode. It is believed that there is a
proportionality between the signal and the negative ion density at
the point of laser irradiation. The experimental conditions were
essentially similar to those in Fig. 6 for the ArF laser.

(a) C1° ion signals (second peak) increased by ArF laser irradia-
tion of discharge media of Cl2 in Nz as a function of the applied
discharge voltage. (b) The width of the increased Cl signal as a
function of the applied voltage. The experimental conditions were
same as those in Fig. 6 for the Ax¥ laser, except for that the gas
pressure was 787 mTorr. The current increased from 2 to 4.3 mA
when the voltage changed from 539 to 600 V. The data were repeat-
edly taken at different times, for which the data taken in a short

period were plotted with a same symbol.
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